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 Surfaces functionalization provides an enabling platform for molecular tailoring of the 
chemical and physical properties of a surface in an on-demand fashion. Prior research has 
established that self-assembled mononolayer (SAM) functionalization can lead to dramatic 
changes in surface properties, but there remain significant gaps between understanding cohesive 
interactions at the molecular level and macroscopic interfacial fracture toughness at SAM-
modified interfaces. Characterization and application of surface chemistry changes resulting from 
activation of force-sensitive mechanophore modified interfaces remains largely unexplored. In this 
dissertation, two different functionalization approaches to molecularly tailor interfacial changes 
are investigated. First, the influence of SAM tail group chemistry on the fracture of SAM-modified 
Si-Au interfaces is characterized. Second, the activation of force-sensitive mechanophore 
functionalized interfaces is explored. In both approaches, significant changes in interfacial 
properties are achieved with the application of external force. 
 The interfacial fracture toughness of a SAM-modified Si-Au interface with different tail 
group chemistry compositions is studied. Thiol and methyl terminated SAMs with varying 
composition are prepared by surface modification. A modified laser spallation setup and finite 
element scheme are used to analyze energy evolution during dynamic delamination process. The 
interfacial fracture toughness of the SAM-modified Si-Au interface increases by 86% with the 
increase in thiol composition. The computational predictions revealed that plastic energy 
dissipation plays a pivotal role in energy dissipation in dynamic delamination.  
 The activation of a patterned maleimide-anthracene (MA) mechanophore functionalized 
epoxy-fused silica interface is characterized with laser-induced stress waves. Active specimens 
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with MA mechanophore covalently bonded at the fused silica and epoxy interface were 
successfully fabricated. Fluorescence microscopy, X-ray Photoelectron Spectroscopy (XPS), and 
Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS), confirmed that mechanochemical 
activation occurring only in active specimens above the threshold activation stress between 149 
MPa and 163 MPa. Analysis of the resulting fluorescence showed an ‘on-off’ activation, not 
observed in bulk mechanochemically active polymers.  
 Local activation of a MA mechanophore functionalized polymer brush-silicon interface is 
achieved with atomic force microscopy (AFM) lithography. Active specimens with MA 
mechanophore functionalized between a PGMA polymer brush-silica interface were successfully 
fabricated. AFM surface topology images, fluorescence microscopy, and ToF-SIMS confirm that 
mechanochemical activation occurs exclusively in active specimen regions where high contact 
force was applied. Fluorescence microscopy reveals that as the contact force increases, the degree 
of activation increases and plateaus eventually. Overall, high spatial and density control of 
interfacial mechanophore activation is demonstrated with AFM lithography.  
 Finally, the feasibility of mechanically controlled surface-initiated polymer growth using 
maleimide-furan (MF) mechanophore functionalized surface and AFM lithography is explored. 
AFM force induced activation of MF mechanophore was confirmed by surface topology imaging, 
XPS, ToF-SIMS, and fluorescence microscopy. Activation of MF generates maleimide chemical 
moieties on the specimen surface, that can react with thiol-maleimide-furan (TMF) functionalized 
molecules dissolved in DMSO solvent. Changes in surface topology and XPS signature confirm 
that an in situ click addition reaction takes place. This in situ activation-addition reaction shows 
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CHAPTER 1  
INTRODUCTION 
 
1.1 Self-assembled monolayer (SAM) functionalized interfaces 
Self-assembled monolayers (SAM) are organic molecules that can modify surface properties. 
SAMs are the most basic form of organic thin film materials with nanometer scale thickness. 
Figure 1.1 is a schematic illustration of a SAM functionalized substrate. As shown in Figure 1.1, 
the functional head group binds to the substrate. Gold, silver, copper, metal oxides and silicon 
oxides substrates can be functionalized with SAMs by selecting the appropriate functional head 
groups that bind to the substrate.1-3 Compared to other thin film preparation methods, such as 
Langmuir-Blodgett (LB) or Layer-By-Layer (LBL), SAMs do not require specialized equipment 
for preparation. The molecular level structure of the SAM is closely linked to macroscopic 
interfacial properties such as wetting4-6, chemical activity7-9, and friction10. By selecting the 
appropriate tail group, the interfacial properties can be tailored for a range of including etch 
resists11, crystal growth platforms12, model surfaces for biochemistry13, corrosion barriers14, and 
adhesion promoters15-17. In this study, we focus on the modification of interfacial fracture between 
a thin film and a substrate. Using SAMs, the substrate surface chemistry can improve the 
interaction with the thin film. Changes in friction and adhesion properties at solid interfaces have 
been measured using Atomic Force Microscopy (AFM).18-20 Improvement in fracture toughness 
and interfacial adhesion have been reported using a rage of characterization methods including 
four point bend21-22, superlayer23 (Figure 1.2A), biaxial loading24, tape peel25, and laser 




Figure 1.1. Illustration of the three components of a typical self-assembled monolayer (SAM) 
adsorbate on a substrate.27  
  
Figure 1.2. Schematic illustration of solid interfacial property tailored with SAM. (A) Superlayer 
test configuration for methyl and carboxylic acid end group SAM-modified Si/epoxy interfaces.23 
(B) Laser spallation test configuration for methyl, amine, bromine, and thiol end group SAM-
modified Si/Au interfaces.26 
 
1.2 Interfacial/surface characterization methods 
1.2.1 X-ray Photoelectron Spectroscopy (XPS) 
X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive spectroscopic technique to identify 
the surface elemental composition.28 Commercial laboratory XPS irradiates a monochromatic Al 
K X-ray on the specimen surface and detects the kinetic energy of the photoelectron generated 
to calculate the electron binding energy. The core electron of an element has a unique binding 
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energy, which can be used as a fingerprint to identify the elements on the surface. In addition, the 
binding energy not only shows which elements are present in the surface, but also what elements 
they are bonded to.29 The high surface sensitivity, low detection limit, and high binding energy 
resolution makes XPS well suited to examine the surface chemistry of SAMs. The physical and 
chemical properties such as oxidation under UV30-31, binding state of head group to the substrate32, 
and ordering33 of SAMs have been identified using XPS. (Figure 1.3A) 
 
1.2.2 Time of Flight-Secondary Ion Mass Spectroscopy (ToF-SIMS) 
Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) is an experimental technique to 
analyze the elemental composition of a solid surface.34 Commercial laboratory ToF-SIMS uses 
Bismuth, Gold, or Argon clusters as primary ion beams to sputter the specimen and analyze ejected 
secondary ions from the surface.35 The mass spectrometer measures the mass to charge ratio to 
determine the elemental composition. ToF-SIMS is one of the most surface sensitive technique 
with a penetration depth of 2 nm.36 The detection limit can go as low as parts per billion which 
makes it a great tool for analyzing low concentration elements. Using a micro focused ion-beam, 
ToF-SIMS can also provide spatial distribution of surface elements. The packing and stability37, 
architecture38, and spatial distribution39 of SAMs have been identified using ToF-SIMS. (Figure 
1.3B) 
 
1.2.3 Atomic Force Microscope (AFM) 
Atomic Force Microscope (AFM) is an experimental method to probe and modify a solid surface.40 
An AFM scans the specimen surface with a probe attached to a piezoelectric cantilever. The 
surface topography is imaged by measuring the force imposed on the cantilever by the specimen.41 
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Unlike optical microscopy or electron microscopy, an AFM does not use optical lenses or beam 
irradiation. Thus, the spatial resolution of AFM is not limited by the diffraction or aberration, and 
has a resolution fractions of a nanometer.42 Recent studies have demonstrate that surface chemical 
bonds can be broken by applying high load on the surface.43-44 Surface functionalized with alkane 
thiols,45 silanes,46 and polymers47-48 have been imaged and modified with AFM. (Figure 1.3C) 
 
Figure 1.3. (A) XPS spectroscopy of thiol SAM functionalized on Au thin film.49 (B) ToF-SIMS 
scan of S- fragment of SAM functionalized Si substrate.50 (C) AFM topology scan of siloxane 
SAM patterned on Si substrate.51 
 
1.3 Mechanochemically functional polymers 
Recent progress in mechanochemistry has provided a platform to fabricate mechanically functional 
polymeric materials. In 2007, it was first experimentally demonstrated that selective 
mechanochemical reaction can be induced by incorporating “weak bonds” in a polymeric chain.52 
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In contrast to the typical mechanisms of failure, such as homolytic bond cleavage53, mechanically 
sensitive molecules called mechanophores are able to harness mechanical stress to achieve 
selective and productive chemical transformations. Current mechanophore research has two main 
goals: (1) synthesis of new mechanically sensitive moieties and (2) development of stress sensitive 
polymeric materials incorporating these mechanophores. Potential mechanophores can be 
screened by simulating mechanophore activity with CoGEF (Constrained Geometries for 
simulating External Force) simulation. Mechanophore activity is experimentally characterized by 
subjecting the synthesized molecule to external force and investigating chemistry change with 
analytical instrumentation (NMR, UV-vis, fluorescence, gel permeation chromatography (GPC)) 
54. Using this methodology, a wide range of productive mechanochemistry (Figure 1.4) including 
color change55, acid generation56, isomerization57, change in electric conductivity58, and reactive 




Figure 1.4. Examples of different mechanophores reported in the literature. The 
mechanochemically active bonds are marked red in each structure.54 
 
 Using mechanophores, mechanically functional polymeric materials have been developed. 
Figure 1.5A shows mechanochromism of Spiropyran (SP) functionalized polymer.61 When 
external force is applied, SP undergoes 6π electrocyclic ring opening reaction to generate a 
conjugated merocyanine (MC). It has been first demonstrated from our group55 that SP can be 
activated when covalently incorporated in a solid polymer, which is potentially a useful tool to 
report local strain or damage in the material. Figure 1.5B shows mechanically-induced 
crosslinking of gem-dibromoocyclopropane (gDBC) mechanophores functionalized linear 
polymers.62 Activated mechanophores incorporated in linear polymers generated active moieties 
that can react with cross-linkers to form cross-linking networks, which is could be used as a tool 
for remodeling polymers on-demand. Figure 1.5C shows small molecules released due to the 
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mechanochemical activation of oxanorbornadiene Diels-Alder adduct incorporated in crosslinked 
polymer.63 Under high compressive loading, furan is released to the matrix, which can be used as 




Figure 1.5. Application of mechanophore functionalized polymer (A) Spiropyran functionalized 
polymer showing color and fluorescence change under tensile stress.61 (B) Strengthening of gem-
dibromoocyclopropane (gDBC) mechanophore functionalized polymer under shear stress.62 (C) 




1.3.1 Characterization of mechanophores functionalized polymers 
Activation of covalently linked mechanophores in homopolymers have been achieved using the 
following three methods: ultrasonication in solution,52, 59, 64 mechanical loading in bulk polymeric 
materials,55, 65-67 and single molecule force spectroscopy68-70. 
 Ultrasonication of polymer solutions provides a convenient and reliable method for 
screening mechanochemical activity. A dilute solution of mechanophore-centered polymers are 
subject to a  probe-type sonication.71 Acoustic field from the sonication generates a cavity in the 
liquid, which collapse eventually. (Figure 1.6A) When microbubbles in the solution collapses, the 
nearby polymer chain is elongated by the velocity gradient. If the solvodynamic force reaches a 
threshold force, mechanochemical activation occurs. The amount of sample required for an 
ultrasonication experiment is small, which makes it an ideal method for screening 
mechanochemical sensitivity. 
 In recent years, single molecular force spectroscopy (SMFS) has been used as a tool to 
characterize the force required for individual mechanochemical activation.72 A polymer chain 
functionalized with mechanophores are pulled with an AFM tip.73 (Figure 1.6B) When the tensile 
force is stronger than the activation force, conformation change occurs which is detected by the 
AFM cantilever. From SMFS experiments, we can quantify the exact force required for single 
mechanophore activation. 
 Finally, macroscopic mechanical testing is used to understand the influence of polymeric 
environment in a mechanophore activation. The pulling point of the mechanophores are covalently 
attached to the polymer backbone chain. (Figure 1.6C) The backbone chains are elongated by 
applying shear or tensile force on the polymer specimen. When the elongation exceeds a threshold 




Figure 1.6. Schematic illustration of common mechanochemical activation methods. (A) 
Ultrasonication of a mechanophore functionalized polymer chain.71 (B) Single Molecular Force 
Spectroscopy (SMFS) of polymer chain functionalized with mechanophores72 (C) Bulk force 
application of a mechanophore functionalized polymeric material.73 
 
 1.3.2 Mechanophore activation at interfaces 
Mechanophore activation at crosslinked polymer-silica, polymer brush-silica, and polymer-
cellulose interfaces have been investigated. Figure 1.7A shows the interfacial mechanochemical 
activation of a diarylbibenzofuranone mechanophore in crosslinked polymer–silica nanocomposite 
materials.74 Under tensile stress, colorless interfacial diarylbibenzofuranone (DABBF) was 
activated, generating blue colored radical arylbenzofuranone radical. The mechanochemical 
activation of interfacial DABBF is reversible, and the polymer nanocomposite demonstrated 
thermal remendability. Figure 1.7B shows fluorescence intensity change from rhodamine 
spirolactam (RS) mechanophore functionalized silk fiber-epoxy matrix interface.75 Under tensile 
force application, interfacial RS mechanophore undergoes 6π  ring opening reaction, which 
generates green fluorescent molecule. The fluorescence from the activated mechanophore revealed 
interfacial damages in the composite. Figure 1.7C shows the mechanochemical activation of a 
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MA mechanophore anchored between a silica nanoparticle surface and grafted polymer chains76. 
Under ultrasonication, MA released end-anthracene capped polymer chain, which was detected 
via GPC and UV-vis. The interfacial mechanophore activation in the silica-polymer brush interface   
was found to follow a similar behavior as chain-centered mechanophores, including a first-order 
reaction kinetics and a minimum polymer chain length for mechanical activation. 
 
Figure 1.7. Examples of interfacial mechanophore activation. (A) Color change in the polymer 
composite from an interfacial diarylbibenzofuranone mechanophore activation.74 (B) Fluorescence 
intensity increase from an interfacial rhodamine mechanophore activation.75 (C) Activation of an 
interfacial maleimide-anthracene (MA) mechanophore.77 
 
1.4 Overview of thesis research 
In this thesis, interfacial property changes from two different tailored interfaces are investigated. 
First, the fracture properties of SAM-modified Si-Au interfaces with varying tail group chemistries 
were studied with laser-induced dynamic delamination. Second, the activation of force-sensitive 
mechanophores at the interface is studied with laser-induced stress wave and AFM lithography. 
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 In chapter 2, the effect of tail group chemistry on interfacial failure of a SAM-modified Si-
Au interface is investigated. The SAM tail chemistry is tailored by varying the composition of 
thiol and methyl terminated SAMs. A laser-induced dynamic delamination protocol is introduced 
to investigate the energy evolution during crack propagation and fracture toughness of SAM-
modified interface.  
 In chapter 3, the mechanochemical activation of MA mechanophores at an epoxy-fused 
silica interface is characterized by a laser-induced stress wave technique. Covalently bonded active 
MA mechanophore specimens and non-covalently bonded control MA mechanophore specimens 
are fabricated by surface functionalization and microfabrication. The activation threshold force is 
quantified and the resulting surface chemistry change analyzed using fluorescence microscopy, X-
ray Photoelectron Spectroscopy (XPS), and Time of Flight Secondary Ion Mass Spectroscopy 
(ToF-SIMS).  
 In chapter 4, the highly localized mechanochemical activation of MA mechanophores 
functionalized interface is achieved by AFM lithography. Active specimens with interfacial MA 
mechanophores functionalized between a poly(glycidyl methacrylate) (PGMA) brush and Si 
substrate are fabricated with surface-initiated activator regenerated by electron transfer-atomic 
transfer radical polymerization (SI ARGET-ATRP) and microfabrication. AFM lithography is 
conducted in a DMSO solvent liquid AFM cell and contact mode scanning. The mechanochemical 
activation at the interface is characterized by surface topology change, fluorescence microscopy, 
and ToF-SIMS. The high spatial precision and activation density control of AFM lithography 
enables the creation of complex patterns on active specimens. 
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 In chapter 5, mechanically controlled in situ mechanochemical activation-addition reaction 
at the mechanophore functionalized surface is demonstrated. Here, maleimide-Furan (MF) 
mechanophore was synthesized and patterned on the surface of Si substrates. The MF 
mechanophores are activated via AFM lithography using the same protocol as chapter 4. AFM 
surface topology, fluorescence microscopy, ToF-SIMS, and XPS confirmed activation of surface 
MF mechanophores. The activated mechanophore is utilized to promote in situ mechanochemical 
activation-addition reaction. 
In chapter 6, a summary of the thesis and directions for future work directions are presented.  
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CHAPTER 2  
TAILORING INTERFACIAL FRACTURE PROPERTIES USING SELF-
ASSEMBLED MONOLAYERS (SAMs) 
 
2.1 Introduction 
Self-assembled monolayers (SAMs) are attractive molecular structures that can modify interfacial 
mechanical properties. Properties such as diffusion78, interfacial adhesion79-80, friction18, and 
fracture toughness21 can be tailored by selecting the appropriate SAM molecules. The interfacial 
mechanical properties of SAM-modified interfaces have been measured using both microscopic 
probe-based methods and macroscopic mechanical testing. Atomic force microscopy (AFM) has 
been used to characterize the localized adhesion and friction between SAM-functionalized tips and 
substrates at a microscopic scale.18-20, 81 At the macroscale, the tensile strength and fracture 
toughness of SAM-modified interfaces have been measured using four point bend21-22, superlayer 
test methods23,  biaxial loading24, tape peel tests25,  and laser spallation26. In all the three test 
methods, the effect of plastic energy dissipation in the film plays a critical role on the measured 
adhesion energy. 
 In this chapter, we report the effect of end-group chemistry on the fracture toughness and 
energy dissipation of SAM-mediated interfaces. As a model system, we studied the interface 
between an Au film and Si substrates functionalized with varying end group composition. 
Interfaces with thiol (-SH) and methyl (-CH3) end group SAM mole fractions of 25:75, 50:50, 
75:25, and 100:0 were tested. Specimens consisted of patterned Au thin-film strips on the Si 
substrate as shown in Figure 2.1. A weak adhesion layer is introduced at the edge of the film to 
                                                 
 Finite element analysis was conducted by Dr. Zhang Chen. 
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form a precrack. Thin film strip dynamic delamination of the strips was induced using a laser-
induced dynamic delamination set up developed by Kandula.82 The stress wave causes the film 
over the precrack region to spall. The kinetic energy of the film then drives the delamination of 
the interface. The apparent interfacial fracture toughness is first calculated assuming that all the 
energy is dissipated by crack propagation. Next, the effect of plasticity on the measured fracture 
energy was investigated in collaboration with the Geubelle group using a finite element scheme 
(see Appendix for further details).  
 
2.2 Experimental Methods 
2.2.1 Fabrication of patterned Au thin films on SAM-modified Si substrate 
The patterned Au strip specimens were fabricated as shown in Figure 2.2. In the first step (1), Si 
substrate (500 µm thick, University Wafer) was cleaned in a piranha solution at 120℃ for 60 min. 
 
Figure 2.1. Schematic illustrating dynamic delamination experimental setup. Specimens 
consisted of 150 nm thick patterned Au thin film strips transfer printed on a SAM-modified Si 







After rinsing with DI water, the cleaned Si substrate was further dried in an oven at 120 °C for 30 
min. Next, the substrate was functionalized with different ratio of SAM by immersing the Si 
substrate in a 10 mM silane-toluene solution with a mixed mole fraction of 75:25, 50:50, 25:75, 
and 0:100 of dodecyltriethoxysilane (DTES, Gelest) to 11-mercapto-undecyltrimethoxysilane 
(MUTMS, Gelest)), 15 mM trimethylamine (Sigma-Aldrich), and 30 mg of dithiothreitol (Sigma-
Aldrich) (Step (2)). Each specimen will be referred as M25D75, M50D50, M75D25, M100D0. The 
triethylamine and dithiothreitol each function as a catalyst and a disulfide reducer, respectively.26 
The specimen was immersed in the solution for 24 h, dried and then, a layer of photoresist (AZ 
5214E, MicroChemicals) was photo-patterned on the top. The exposed part of the SAM was etched 
with oxygen-plasma (Harrick Plasma Cleaner Pdc-32g).83 After etching, residual photoresist was 
removed using N-methyl pyrrolidone (MicroChemicals) followed by drying under nitrogen 
stream. Next, precrack region was deposited by immersing the sample in a 10 mM DTES-toluene 
solution for 24 h (Step (4)). After patterning the surface, a 150 nm thick blank Au film was transfer 
printed on a patterned SAM-functionalized substrate from the donor silicon substrates using a 
polydimethylsiloxane (PDMS) stamp (Step (6)). A thin layer of poly vinyl alcohol (PVA, Sigma 
Aldrich) was cast on the Au surface to ensure mechanical stability during the transfer process. 
Following the transfer printing of Au film on the functionalized substrate, the PVA layer was 
removed with DI water. Subsequently, photoresist was photo-patterned on the blanket Au layer. 
Desired Au layer strip geometry was achieved by etching gold and removing the photoresist (Step 
(6)). A final fabrication step was depositing laser energy absorbing layer and confining layer for 
generating laser-induced stress wave. A 400 nm thick Al laser absorbing layer was e-beam 





Specimens with an Au blanket film on a SAM-mediated Si substrate were fabricated specifically 
for interface strength measurements. The SAM-mediated Si substrate with different thiol / methyl 
end-group composition was fabricated as shown in Figure 2.2, steps (1) ~ (2), and an Au blanket 
film (150 nm) was transfer-printed on the SAM functionalized Si substrate (Step (5)). Like the 
patterned film specimens, in the final step a laser energy absorbing layer (400 nm Al) and confining 




Figure 2.2. Laser-induced dynamic delamination specimen preparation. Schematic of specimen 
fabrication process involving patterning Si substrate with SAM, followed by transfer printing 

























Following the work of Grady et al.26, calibration specimens were fabricated specifically for 
calibrating the interface stress generated for a specific laser fluence. Laser-spallation calibration 
specimen was fabricated by the following steps. A highly reflective thin Al film (100 nm) was 
deposited on the front side of the Si substrate via e-beam deposition. Subsequently, a laser energy 
absorbing layer (400 nm Al) and confining layer (1 m sodium silicate) was deposited on the back 
side by e-beam deposition and spin coating.  
2.2.2 Interface strength measurement with laser-induced stress wave setup 
The interface strength of an Au blanket film on a SAM-modified Si was measured using the laser 
spallation technique, developed by Wang et al.84 and Grady et al.85, and shown schematically in  
Figure 2.3A. A high amplitude acoustic wave was generated in the specimen by impinging 2 mm 
spot size Nd:YAG pulsed laser on the aluminum (Al) energy absorbing layer. The energy 
absorbing layer expands rapidly and generates a compressive acoustic wave that propagates 
through the specimen. After reflecting off the free surface of the Au blanket film, the SAM-
modified interface is loaded in tension. The onset point of film failure was determined by observing 
Au film spallation from the substrate with an optical microscope.  
 The applied interface stress generated at each laser fluence was first determined using a set 
of calibration experiments. (Figure 2.3B) Calibration specimens consisting of highly reflective 
blanket Al film on one side and an Al energy absorbing layer with a sodium silicate confining 
layer on top of the other side were fabricated as described in section 2.2.1. The substrate 
stress( 𝜎𝑠𝑢𝑏) generated by the Nd:YAG depends only on the properties of the substrate alone, and 
not the thin film on top of the substrate.84 Hence, identical substrates should produce identical 
stress waves within experimental error. The displacement of the Al film free surface was measured 
using a Michelson Interferometer with a 532 nm laser diagnostic beam. The interference signal 
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was measured with a silicon photodetector (Electro-Optics Technology ET-2030) connected to a 
40 GHz oscilloscope (LeCroy LC584 A). The measured signal is converted to velocity by the 
following equation.85 
max min max min( ) sin(2 ( ))
2 2
V V V V
V t n t
+ −
= +               (1) 
Where,  maxV , minV are the maximum and minimum voltage of each interference fringe, and ( )n t  is 







=                   (2) 
Where, o is the wavelength of the diagnostic laser. Finally, the substrate stress, 𝜎𝑠𝑢𝑏 is calculated 








 = −                    (3)  
Where, sub  is the density of substrate, ,d subC  is the dilatational wave speed of substrate material.  
The substrate properties used for these calculations are summarized in Table 2.1. 
 




 Compressive substrate stress was measured with increasing laser fluence, and then was 
used as an input to a 1-D finite element model to calculate the interfacial stress for an identical 
substrate with 150 nm Au film on top of the surface. As described by Grady et al.26, the finite 
element model uses a two-node linearly elastic 1-D elements and an explicit central difference 
time stepping scheme. The model applies the input compressive stress in the substrate near the 
interface and stress development at the interface is calculated using 1-D wave propagation 
theorem86, which results in partial transmission of the compressive pulse due to the material 
mismatch at the interface. The stress wave that transferred to the thin film reflects at the free 
surface of the film, giving rise to the tensile stress at the substrate-film interface. The applied 
interface stress increases proportional to the Nd:YAG laser fluence, which give Nd:YAG fluence-
interface stress calibration curve. The specimens were tested with increasing laser fluence until 
film failure was observed, and the interface stress was determined with the calibration curve.  
 
 
Figure 2.3. Schematic of (A) 150 nm Au blanket film on SAM-modified 500 m thick Si 
substrate for SAM-modified Si-Au interface strength measurement and (B) laser-induced stress 




2.2.3 Laser-induced dynamic delamination 
A schematic of the experimental set up for the laser-induced dynamic delamination experiment is 
shown in Figure 2.4. SAM modified Si-Au specimens are prepared as described in section 2.2.1. 
The Nd:YAG pulse laser is centered on the edge of the Au film, over the weak adhesion layer. The 
laser fluence is selected to generate an interface stress just higher than interfacial strength of 
precrack region. As a result, the Au strip over the precrack region de adheres and the kinetic energy 
stored in the deboned Au film is translated into controlled delamination of the remaining of the Au 
film. The final delamination length is measured optically after the experiment. 
 
2.2.4 Calculation of kinetic energy stored in Au film 
The kinetic energy stored in Au film on the onset of delamination was estimated by 1D finite 
element analysis.87  The model used linearly elastic 1-D elements composed of two-nodes and an 
explicit central difference time stepping scheme. The velocity of each component was calculated 
by  
( ) ( )
( ) n nn






                (4) 
 
Figure 2.4. A schematic representation of the experimental set up for laser-induced dynamic 
delamination of Au thin strip on SAM-modified Si interface. 
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Where, ( )nd t  is the location of n
th film element at simulation time t, and ( )nV t  = Velocity of n
th 
film element at simulation time t.  
The kinetic energy stored per unit area of the Au thin film at simulation time t is calculated by 














=                  (5) 
where Au  is the density of Au, N is the number of elements for simulation, d is the thickness of 
Au thin film.  
The calculated kinetic energy per unit area is plotted as a function of interface stress to determine 
stored energy at the onset point of film failure. Assuming that all the initial kinetic energy is 
dissipated by crack propagation, the apparent fracture toughness (Gc,a) is calculated using the 










,                 (6)  
where a0 is the pre-crack length and fa  is the total delamination length.
85 The apparent fracture 
toughness is also compared with the fracture toughness calculated from a non-linear elasto-plastic 





2.3 Results and Discussion 
2.3.1 Calibration of applied interfacial stress 
A series of calibration experiments were carried out to determine the applied interface stress as a 
function of laser fluence. Representative interferometric data for a calibration specimen (Si 
substrate with a blanket Al film) are shown in Figure 2.5. The calculated free surface 
displacement, substrate stress, and interface stress are shown in Figure 2.5 B, C, and D 
respectively. The calibration experiment was repeated for laser fluence between 15.2 mJ/mm2 and 
49 mJ/mm2. For each laser fluence, five separate interferometry measurements were carried out. 





Figure 2.5. Representative interferometric data and stress analysis result at 24.2 mJ/mm2 laser 
fluence from calibration specimen: (A) photodiode voltage as a function of time, (B) time 
evolution of the free surface displacement of calibration sample calculated from equation (2), 
(C) time evolution of substrate stress calculated from equation (3), (D) time evolution of 
interface stress calculated from 1D simulation result. 
 
Figure 2.6. (A) Average peak substrate stress as a function of laser fluence, and (B) average 




2.3.2 Interfacial strength of Au blanket film on SAM modified Si substrate 
Using the calibration data, we next determined the interface strength of the Au film on the precrack 
region that was created using a methyl end group modified SAM. The Au film were loaded at 
increasing laser fluence, corresponding to increasing interface stress. After testing, the specimens 
were examined with an optical microscope. Optical micrographs of the Au film surface are shown 
in the top row of Figure 2.7 and indicate that interfacial failure starts to occur at 45 MPa. With 
increasing stress, the size of the failed region increases to approximately 2 mm, which corresponds 
to the spot size of the impinged Nd:YAG laser. 
 We also tested additional Au blanket film specimens with a mixture of thiol and methyl 
terminated SAMs. As shown in Figure 2.7, no film failure occurs before 65 MPa, which 
corresponds to 18.6 mJ/mm2 laser fluence. This fluence value was used for the dynamic 
delamination experiment since it was enough to spall the film over the precrack region but not 




2.3.3 Stored kinetic energy calculation 
The initial kinetic energy stored in the Au strip over the weak adhesion layer at the onset of 
delamination at laser fluence 18.6mJ/mm2 was calculated using 1D finite element analysis. Figure 
2.8 shows the evolution of kinetic energy per unit area as a function of interface stress. The kinetic 
energy initially starts at zero (dot on Figure 2.8) and increases as the stress wave propagates 
 
Figure 2.7. Optical images of film failure for (A-C) M0D100, (D-F) M25D75, (G-I) M50D50, (J-
L) M75D25, and (M-O) M100D0 for increasing interface stress from left to right. All scale bars 




through the specimen. When the interface stress reaches 45 MPa, the interface strength of Au-
weak adhesion layer, the Au film de adherence. The kinetic energy per unit area stored at the 
moment of spallation was 3.63 J/m2. 
 
2.3.4 Dynamic delamination of SAM mediated Au patterned film 
Patterned Au specimen on various SAM-mediated substrate were subjected to laser-induced 
dynamic delamination. A single loading at a fluence of 18.6 mJ/mm2 successfully delaminated the 
Au strips as shown in Figure 2.9. The optical images reveal that the Au strip is plastically 
deformed during the dynamic delamination. Under the optical microscope, the delaminated region 
has higher brightness, which makes it easy to determine the delaminated length. The delamination 
length increases as methyl end group composition increases in the SAM which corresponds to a 
decrease of interfacial fracture toughness. Table 2.4 summarizes delamination length measured 
and apparent fracture toughness calculated with equation (6) for each SAM composition. The 
 
Figure 2.8. Kinetic energy evolution per unit area Au film as a function of interface stress for 





results are an average of five tests performed at each SAM composition. The results in Table 2.4 
indicated that the SAM composition can be tailored to achieve a range of interfacial fracture 
toughness values. The apparent fracture toughness increases ~90 $ with increasing thiol 




Figure 2.9. Representative optical images of delaminated Au strips from laser-induced dynamic 
delamination tests. (A) Stereomicroscope image of delaminated Au strip from M50D50 
specimen.  Optical micrograph of (B) M100D0, (C) M75D0, (D) M50D50, (E) M25D75 specimens 
from upright optical microscopy. All scale bars are 250 m. Brightness of delaminated region 
has been enhanced for clarity. 
 
Table 2.2. Measured delamination length and calculated apparent fracture toughness for the 
different SAM compositions. 
 
Short name Total Delamination Length, 
af (m)
Interfacial Fracture Energy, 
Ga,c (J/m
2)
M100D0 941 120 3.6  0.5
M75D25 1100 85 3.2  0.3
M50D50 1253 146 2.4  0.3




The effect of end-group chemistry on the interfacial failure properties in a SAM-mediated interface 
was investigated experimentally and computationally. The end-group chemistry was varied by 
changing the relative composition of two SAMs with thiol and methyl terminal moieties. Au strips 
on SAM-mediated interface were delaminated with a laser-induced dynamic delamination setup, 
and the energy evolution during the dynamic delamination was analyzed using a simple model 
which assumes all of the energy available goes into fracture. We found a 90 % increase in 
interfacial fracture toughness with increase in thiol concentration in the SAM. In broader context, 
the combined experimental and simulation used in this research can provide more insight into the 
mechanism of energy dissipation during crack propagation at solid interfaces. 
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CHAPTER 3  




The potential of using mechanophores in coatings and composite materials has inspired recent 
efforts to investigate the mechanochemical activity of mechanophores localized at solid interfaces. 
Previously, mechanochemical activation at silica-polymer74, 76, polymer-cellulose88 , and epoxy-
carbon fiber interfaces89 has been demonstrated. Nevertheless, experimental methods for 
investigating mechanophore activation at solid interfaces remain limited, encouraging the 
development of new protocols to aid in the design and understanding of interfacial 
mechanochemical processes.  
 Herein, we used laser-induced stress waves to characterize the mechanochemical activation 
at a mesoscale solid interface. Maleimide-Anthracene (MA) mechanophores are used as a model 
mechanophore for three reasons. First, the mechanochemical activation of the MA mechanophores 
at a solid interface have been demonstrated previously by Li et al.76. Second, the fluorescence from 
anthracene, a product of mechanochemical activation of MA, facilitates detection and 
quantification of activation. Finally, the irreversible nature of MA mechanochemical activation is 
suitable for ex-situ study.  
 The interfacial activation stress of a MA functionalized epoxy-fused silica interface was 
characterized with a laser-induced stress wave setup. After the specimen was fabricated as shown 
in Figure 3.1, a Nd-YAG laser was impinged on a 400 nm Al energy absorbing layer. Nd-YAG 
                                                 
†The results presented in this chapter have been reproduced from published work.115 
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laser power with varying intensity was applied on different spots on the sample to determine the 
threshold activation interfacial stress. The surface chemistry change was investigated with 
fluorescence microscopy, XPS, and ToF-SIMS. The degree of activation as a function of applied 
interfacial stress was quantified by comparing the fluorescence intensity of the specimen.  
 
 
3.2 Experimental Methods 
3.2.1 Synthesis of maleimide-anthracene (MA) mechanophore  
Reagents from commercial sources were used without further purification unless otherwise stated.  
Dry THF was obtained from a solvent purification system equipped with activated alumina 
columns and stored over 3Å molecular sieves. All reactions were performed under a N2 atmosphere 
unless specified otherwise. Column chromatography was performed on a Biotage Isolera system 
using SiliCycle SiliaSep HP flash cartridges. NMR spectra were recorded using a Varian 500 MHz 
spectrometer.  All 1H NMR experiments are reported in δ units, parts per million (ppm), and were 
measured relative to the signals for residual chloroform (7.26 ppm) in deuterated solvent.  All 13C 
 
Figure 3.1. Interfacial mechanophore specimen design.  Schematic representations of the 
experimental setup for generating laser-induced stress wave and mechanical activation of 
covalently anchored maleimide-anthracene (MA) mechanophores located at the epoxy-fused 
silica (FS) interface, which generates a fluorescent anthracene moiety bound to the silica 
surface with concurrent spallation of the epoxy film. 
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NMR spectra were measured in deuterated solvents and are reported in ppm relative to the signals 
for residual chloroform (77.16 ppm).  Mass spectra were obtained through the Mass Spectrometry 
Laboratory, School of Chemical Sciences, at the University of Illinois.  
4-(2-bromoisobutyroxy)ethyl-10-oxa-4-aza-tricyclo[5.2.1.02,6]-dec-8-ene-3,5-dione (2).  An 
oven-dried 50 mL round bottom flask equipped with a stir bar was charged with 190 (2.0 g, 9.6 
mmol) and dry THF (20 mL) and sealed with a septum. Triethylamine (1.5 mL, 11 mmol) was 
added via syringe followed by the dropwise addition of -bromoisobutyryl bromide (1.3 mL, 11 
mmol). After stirring at room temperature for several days, the reaction mixture was filtered 
through a pad of silica gel, washing thoroughly with ethyl acetate.  The filtrate was concentrated 
under reduced pressure to provide the title compound as a slightly yellow oil (3.5 g, quant). 1H 
NMR (500 MHz, CDCl3) δ: 1.89 (s, 6H), 2.86 (s, 2H), 3.81 (t, J=5.2 Hz, 2H), 4.32 (t, J=5.2 Hz, 
2H), 5.26 (s, 2H), 6.51 (s, 2H) ppm.  13C {1H} NMR (125 MHz, CDCl3) δ: 30.7, 37.7, 47.6, 55.8, 
62.3, 81.0, 136.7, 171.5, 176.0 ppm.  HRMS (ESI, m/z): calcd for [C14H17BrNO5]
+ (M+H)+, 
358.0285; found, 358.0287. 
 
 
Scheme 3.1. Synthesis of tert-butyl bromine and alkene moiety functionalized MA 
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Anthracen-9-ylmethyl pent-4-enoate (3).  A 50 mL round bottom flask equipped with a stir bar 
was charged with 9-anthracenemethanol (1.9 g, 9.1 mmol), DMAP (0.14 g, 1.1 mmol), and THF 
(23 mL) and sealed with a septum.  Triethylamine (1.6 mL, 11 mmol) was added via syringe 
followed by 4-pentenoic anhydride (2.0 mL, 11 mmol).  After stirring at room temperature 
overnight, the reaction mixture was diluted with ethyl acetate and washed consecutively with 10% 
NaHSO4 (50 mL), 10% NaHCO3 (50 mL), and brine (50 mL), dried over MgSO4, filtered, and 
concentrated under reduced pressure to provide the title compound as a yellow liquid (2.7 g, quant). 
1H NMR (500 MHz, CDCl3) δ: 2.35–2.47 (m, 4H), 4.94–5.04 (m, 2H), 5.79 (ddt, J=16.6, 10.2, 6.2 
Hz, 1H), 6.16 (s, 2H), 7.50 (ddd, J=7.8, 6.5, 1.0 Hz, 2H), 7.58 (ddd, J=8.8, 6.6, 1.4 Hz, 2H), 8.01–
8.07 (m, 2H), 8.33 (dd, J=8.8, 1.1 Hz, 2H), 8.52 (s, 1H) ppm.  13C {1H} NMR (125 MHz, CDCl3) 
δ: 29.0, 33.7, 58.9, 115.7, 124.1, 125.2, 126.3, 126.7, 129.2, 129.3, 131.1, 131.5, 136.7, 173.4 ppm.  
HRMS (EI, m/z): calcd for [C20H18O2]
+ (M)+, 290.1301; found, 290.1306. 
 
Diels-Alder adduct (4).  A 50 mL round bottom flask equipped with a stir bar and reflux condenser 
was charged with 2 (1.8 g, 5.0 mmol), 3 (1.5 g, 5.2 mmol), and toluene (20 mL).  After refluxing 
for 19 h, the reaction mixture was concentrated under reduced pressure.  The crude product was 
purified by column chromatography (5–30% EtOAC/hexanes) to provide 4 as a white solid (2.4 g, 
83%). 1H NMR (500 MHz, CDCl3) δ: 1.88 (s, 6H), 2.43–2.49 (m, 2H), 2.53–2.58 (m, 2H), 3.27–
3.41 (m, 4H), 3.59–3.71 (m, 2H), 4.78 (d, J=2.9 Hz, 1H), 5.02–5.12 (m, 2H), 5.42–5.54 (m, 2H), 
5.86 (ddt, J=16.7, 10.2, 6.3 Hz, 1H), 7.15–7.22 (m, 5H), 7.28–7.33 (m, 2H), 7.38–7.43 (m, 1H) 
ppm.  13C{1H} NMR (125 MHz, CDCl3) δ: 29.0, 30.7, 30.8, 33.7, 36.8, 45.7, 45.8, 47.8, 55.7, 
61.7, 62.2, 115.9, 122.2, 123.2, 124.3, 125.4, 126.8, 127.0, 127.3, 127.3, 136.6, 138.2, 138.7, 
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141.2, 141.9, 171.3, 172.9, 175.1, 176.2 ppm.  HRMS (ESI, m/z): calcd for [C30H31BrNO6]
+ 
(M+H)+, 580.1329; found, 580.1341. 
Triethoxysilyl functionalized Diels-Alder adduct (5).  An oven-dried 10 mL Schlenk flask 
equipped with a stir bar was charged with 4 (0.85 g, 1.5 mmol) and sealed with a septum.  The 
flask was evacuated and backfilled with nitrogen (3x) followed by the addition of triethoxysilane 
(2.7 mL, 15 mmol) and Karstedt’s catalyst (5 L, 2% Pt in xylene) via syringe.  After stirring 
overnight at room temperature, the reaction mixture was concentrated under reduced pressure to 
afford the crude product as a clear viscous oil, which was used without further purification (0.98 
g, 88% conversion by 1H NMR).  1H NMR (500 MHz, CDCl3) δ: 0.60–0.68 (m, 2H), 1.21 (t, J=7.0 
Hz, 7H), 1.45–1.54 (m, 2H), 1.70–1.79 (m, 2H), 1.88 (s, 6H), 2.41–2.48 (m, 2H), 3.28–3.42 (m, 
4H), 3.59–3.70 (m, 2H), 3.80 (q, J=7.0 Hz, 5H), 4.78 (d, J=2.5 Hz, 1H), 5.40–5.54 (m, 2H), 7.15–
7.24 (m, 5H), 7.27–7.32 (m, 2H), 7.38–7.42 (m, 1H) ppm.  13C{1H} NMR (125 MHz, CDCl3) δ: 
10.3, 18.5, 22.7, 28.5, 30.8, 34.2, 36.8, 45.8, 47.9, 55.7, 58.5, 61.6, 62.2, 122.3, 123.2, 124.3, 
125.5, 126.9, 127.0, 127.3, 127.4, 138.3, 138.7, 141.2, 141.9, 171.4, 173.6, 175.2, 176.3 ppm.  
HRMS (ESI, m/z): calcd for [C36H46BrNNaO9Si]
+ (M+Na)+, 766.2017; found, 766.2023. 
 
 
Scheme 3.2. Synthesis of a siloxane functionalized MA 
35 
 
3.2.2 Specimen fabrication 
3.2.2.1 Control specimen preparation 
Fused silica substrates (1.5 mm thick, GM associates) were cleaned in a piranha solution at 120 
°C for 30 minutes. Cleaned substrates were washed with DI water and dried in a stream of air. The 
substrates were further dried in a convection oven at 120 °C for 30 min. For surface 
functionalization, cleaned substrates were immersed in a 10 mM toluene solution of functionalized 
MA (5) and kept in a sealed container for 24h on a benchtop. After 24h, the substrates were 
sonicated in toluene and subsequently rinsed with toluene, isopropyl alcohol, and DI water 
followed by drying under a stream of air. 
 
3.2.2.2 Active specimen preparation 
The bromine functionalized MA mechanophore were converted to azide-functionalized 
mechanophore.91 Substrates were immersed in a saturated solution of sodium azide in an 
anhydrous-DMF for 24h at room temperature. After 24h, the substrates were rinsed with DMF, 
sonicated in ethanol for 3 minutes, rinsed with DI water, and dried in a stream of air.  Reaction was 
confirmed using XPS (Figure 3.2). The azide-terminal group of the MA mechanophore 
functionalized surface were converted to amine moiety through Staudinger reaction.92 Azide-
terminated substrates were immersed in a 13 mM THF solution of triphenylphosphine (1 equiv.) 
for 12 h. After 12h, DI water (10 equiv.) was added to the solution and kept at room temperature 
for 12 h. When the reaction was completed, the substrates were rinsed in THF, ethanol, and DI 
water. Reaction was confirmed using XPS (Figure 3.2). 
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 After the functionalizing MA with amine, photopatternable epoxy was deposited using a 
method reported previously.93 10 g Epon 1002-F (Hexion), 1.25 g triarylsulfonium 
hexafluoroantimonate salts (Sigma-Aldrich), 15 g Gamma-butyrolactone was used as the 
photoresist resin. 3 droplets of the epoxy resin were spin-coated at 3000 rpm for 45 seconds on the 
active and control specimens. Residual solvent was evaporated at 110°C for 2 minutes. The spin-
coated resin was then exposed to 200 mJ/cm2 of UV source under iron oxide photomask and baked 
for 5 minutes at 100°C. After baking, the photoresist was developed using SU-8 developer. The 
epoxy was further hard baked at 120°C for 30 minutes to ensure full crosslinking and covalent 
bonding with the amine functional group in the active specimen. The resulting epoxy film was 
measured to be 1.5 m thick with a profilometer. After patterning the epoxy thin film, a 400 nm 
thick aluminum absorbing layer was deposited by e-beam evaporation (Temescal E-Beam 
 
Figure 3.2. N 1s and Br 3d XPS spectrum: (A, D) Bromine terminated mechanophore 




Evaporation Systems) on the back side of the specimen. A 1 m thick sodium silicate (Fisher 
Scientific) confining layer was deposited by spin coating a sodium silicate solution on top of Al at 
3000 rpm for 45 seconds.  
 
3.2.2.3 Reference specimen preparation 
To compare the fluorescence intensity with mechanochemically activated specimens, patterned 
anthracene specimens were prepared as a reference specimen. Fused silica substrates (1.5 mm 
thick, GM associates) were cleaned in piranha solution at 120 °C for 30 minutes. The cleaned 
substrates were washed with DI water, dried in a stream of air, and then further dried in a 
convection oven at 120 °C for 30 min. Functionalized fused silica substrates were prepared by 
immersing cleaned substrates in a 10 mM toluene solution of 9-anthracenyltrimethoxysilane 
(Gelest). For full functionalization, samples were kept in a sealed container for 24 h on a benchtop. 
After 24 h, the substrates were sonicated in toluene and subsequently rinsed with toluene, isopropyl 
alcohol, and DI water followed by drying under a stream of air. The patterned anthracene surface 
was fabricated by photo patterning a photoresist (AZ 5214 E, microChem) and removing exposed 
anthracene with oxygen plasma. After oxygen plasma treatment, residual photoresist was removed 
by rinsing with N-methyl-2-pyrrolidone. Fluorescence intensity was measured under identical 
conditions of the activated mechanophore specimens. 
 
3.2.3 Laser-induced stress wave setup and protocols 
MA mechanophore-functionalized specimens were prepared for the laser-induced stress wave 
experiment following the steps described in the section above. The sample dimensions are 
summarized in Figure 3.3. An epoxy film (1.5 m thick) was patterned in 75 x 75m square arrays 
38 
 
on a MA functionalized fused silica (1.5 mm) with aluminum energy absorbing layer (400 nm) 
and sodium silicate confining layer (1 m) on the opposite side.  
  The setup for generating laser-induced stress waves is shown schematically in Figure 3.3. 
High amplitude short duration acoustic waves were generated in the specimen by impinging a 
Nd:YAG pulsed laser on the Al energy absorbing layer. The rapid expansion of the Al results in a 
compressive acoustic wave that propagates through the fused substrate towards the epoxy film.26 
After reflecting off the free surface of the epoxy, the mechanophore mediated interface between 
the epoxy and fused silica substrate is loaded in tension. When the magnitude of the stress exceeds 
the interfacial strength, the epoxy film spalls from the substrate.  
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 Active and control samples were both tested to examine the role of covalent bonding in 
mechanophore activation. Laser fluence was varied incrementally between 53 mJ/mm2 and 90 
mJ/mm2 by adjusting the energy of the Nd:YAG laser while keeping the beam diameter constant 
at 1.5 mm. The interface stress was calculated using a calibration procedure.  
A series of calibration experiments were executed to determine the interface stress at film 
failure, as described in detail by Grady et al.85 The substrate stress and interface stress generated 
for a given Nd-YAG laser intensity was determined using a set of calibration specimens with 
reflective 100 nm thick Al films (rather than epoxy) deposited on top of a 1.5 mm thick fused silica 
substrate. The thin Al films do not spall and provide a high signal to noise ratio for interferometric 
 
Figure 3.3. Schematic representations of (A) the experimental setup for laser-induced stress 
wave activation of mechanophore functionalized interface, and (B) the fused silica-epoxy 
interface comprising the MA mechanophore, which is covalently bonded (active specimen). 
Specimens with non-covalent bonding between bromine-terminated mechanophore and epoxy 
layer were also prepared as a control. 
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measurement. A 400 nm thick Al energy absorbing layer with 1000 nm thick sodium silicate 
confining layer was deposited on top on the opposite side. 
 For systematic variation in laser intensity, the displacement of the Al reflecting film free 
surface was measured using a Michelson interferometer with a 532 nm laser diagnostic beam. The 
resulting interference voltage signal was measured using a silicon photodetector (Electro-Optics 
Technology ET-2030) connected to a 40 GHz oscilloscope (LeCroy LC584 A). Displacement of 
the free surface and the substrate stress (as described previously by Kandual et al.86) was calculated 
using the voltage signal.  
 Interface stress between the functionalized substrate and epoxy film was then calculated 
with 1D finite element model. The substrate and the film were discretized using two-node, linearly 
elastic 1D elements and an explicit central difference time step. The compressive substrate stress 
pulse measured during experimental calibration is used as input for the model. The model applies 
 
Figure 3.4. Schematic of aluminum blanket film (100 nm) on fused silica substrate (1.5 mm) 
for laser-induced stress wave calibration protocol. 
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the input stress in the substrate near the interface and stress development at the interface is 
calculate. Parameters used for substrate stress and interface stress are summarized in Table 3.1.
 
3.2.4 Characterization of surface chemistry change with fluorescence microscopy, XPS, and ToF-
SIMS 
3.2.4.1 Fluorescence microscopy 
Fluorescence images were acquired using a Zeiss Axiovert 200M with Cascade 512b high 
sensitivity camera. A mercury lamp source was used with 360 nm centered/FWHM 11 nm band 
pass excitation filter, 410 nm pass dichroic mirror, and 420 nm/FWHM 20 nm band pass filter 
(Edmund Optics). For all fluorescence measurements, the exposure time was set to 100 ms. 
Fluorescence images were processed with Image J.94 
 
3.2.4.2 Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS)  
The active specimens subjected to an interfacial stress of 163 MPa were subsequently analyzed 
with ToF-SIMS (Physical Electronics PHI Trift III) imaging and XPS spectroscopy. For ToF-
SIMS imaging, Au liquid source run with Au+ ion under static mode accelerated at 22 KeV energy 
was used as the source. Data were collected for 10 minute duration.  
 




3.2.4.3 X-ray Photoelectron Spectroscopy (XPS) 
The active specimens subjected to an interface stress of 163 MPa were subsequently analyzed with 
XPS to compare the N 1S intensity at locations inside and outside of the square array. XPS 
measurements were performed using a Kratos Axis ULTRA with monochromated Al Kα X-ray 
source (15 µm spot). The kinetic energy of the electrons was measured by a 180° hemispherical 
energy analyzer operated in the constant analyzer energy mode (CAE) at 50 eV pass energy for 
elemental spectra. Measured spectra were fit with Voigt profiles and calibrated by centering SiO2 
2P peak at 103.5 eV.  All data were normalized to the SiO2 2p peak. 
 
3.3 Results and Discussion 
3.3.1 Calibration of applied interface stress as a function of impinged laser-intensity 
Figure 3.5 shows a fringe data for a representative fused silica calibration sample tested at a laser 
intensity of 53 mJ/mm2. For each laser intensity, five separate interferometry measurements were 
carried out. The laser fluence was varied from 53 mJ/mm2 to 92 mJ/mm2. The calculated interface 





Figure 3.5. Representative interferometric data obtained from laser-induced stress wave for 
laser intensity 53 mJ/mm2: (A) photodetector fringe data, (B) free displacement, (C) substrate 
stress, (D) interface stress. 
 
Figure 3.6. Interface stress applied at epoxy-fused silica interface as a function of impinged 
Nd-YAG laser intensity. 
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3.3.2 Characterization of change in surface chemistry with ToF-SIMS, XPS, and fluorescence 
microscopy 
For active specimens, complete spallation of the epoxy films from the substrate occurred at an 
interface stress greater than 149 MPa (Figure 3.7). The fluorescence micrographs indicate that the 
spallation of the polymer films coincides with the activation of the interfacial MA mechanophore. 
A bright fluorescent pattern was observed in the same regions previously occupied by the epoxy 
films, by the spatially defined generation of anthracene on the surface. On the interstitial regions 
of the epoxy film, mechanochemical activation was not observed since tensile stress can’t develop 
with no film on substrate due to the nature of laser-induced stress wave95.  
 In contrast, control specimens non-covalently bonded to the epoxy showed no sign of 
mechanochemical activation under the same experimental condition (Figure 3.8). Complete epoxy 
film debonding is observed for the bromine terminated mechanophore functionalized interface for 
interface stress higher than 130 MPa. In contrast to the active specimen, no fluorescence signal 
was observed even after complete spallation of the polymer film. This suggests that covalent 
bonding between the epoxy film and mechanophore is necessary to activate the mechanophore. 
 
Figure 3.7. Representative optical and fluorescence micrographs of an active specimen with 
covalently bonded epoxy layers following laser impingement with increasing laser intensity. 
45 
 
Even at laser intensity where the peak interface stress can develop higher than the mechanophore 
activation, no activation is observable since the failure at the bromine-epoxy interface occurs 
before the interface stress reaches the mechanophore activation stress.  
 Change in surface chemistry was further investigated with ToF-SIMS imaging and XPS to 
further confirm activation of MA mechanophores with laser-induced stress waves. Active 
specimens subjected to an interface stress of 163 MPa were subsequently analyzed. ToF-SIMS 
imaging for the CNO- negative ion, originating from the maleimide fragment,96 illustrates the 
distribution of the intact MA adduct on the silica surface after laser impingement (Figure 3.9A). 
A low concentration of maleimide groups was detected within the square arrays where the epoxy 
films were initially deposited whereas the interstitial region shows relatively high concentrations. 
This result is consistent with the fluorescence measurements that showed selective mechanophore 
activation in locations of the covalently bonded epoxy films, which leads to the loss of the 
maleimide fragment via a retro Diels-Alder reaction upon spallation from the surface. Similarly, 
the N 1s XPS spectra acquired in the same regions confirm the presence of the MA adduct in the 
 
Figure 3.8. Representative optical and fluorescence micrographs of a control specimen with 




interstitial regions with negligible signal detected within the square arrays (Figure 3.9B). The N 
1s XPS signal peak at 401.2 eV detected in the interstitial regions of the patterned film where no 
polymer film was originally present, agrees well with the expected binding energy for the nitrogen 
element of the MA adduct, indicating that it still remains after laser impingement and polymer 
spallation. Inside the square array, however, no N 1s XPS signal was detected, which is consistent 
with the loss of maleimide moiety after mechanochemical activation of the MA mechanophores. 
The ToF-SIMS and N 1s XPS measurements support the fluorescence microscopy results and 
indicate that, in the regions where the mechanophores are covalently bonded to the epoxy polymer, 
interface stress higher than the threshold activation stress cause the MA mechanophore to undergo 
a retro Diels-Alder reaction resulting in the generation of surface anchored anthracene moieties 




3.3.3 Mechanochemical activation as a function of interface stress with fluorescence microscopy 
The amount of activation at varying applied interface stress was compared by fluorescence 
microscopy. The average fluorescence intensity of a 400 m x 400 m region for four specimens 
applied with varying interface stress was plotted as a function of interface stress (Figure 3.10). 
The control specimen emitted no detectable fluorescence signal at all interface stress. Covalently 
attached mechanophore, on the other hand, shows dramatic increase in fluorescence once the 
interface stress exceeds 163 MPa. Interestingly, fluorescence intensity plateaued once the interface 
stress exceeded the threshold activation stress. This indicates that the degree of mechanochemical 
activation is independent to interface stress once it exceeds threshold activation stress. Previous 
mechanochemical activation studies on MA76-77, 97-98 all reported increase in activation kinetics 
 
Figure 3.9. XPS and ToF-SIMS surface analysis of a covalently bonded specimen after laser 
impingement at 163 MPa. (A) ToF-SIMS image for fragment 41.99 u (CNO-) corresponding to 
the maleimide moiety. (B) N 1s XPS spectrum corresponding to the maleimide and primary 
amine groups in the MA mechanophore. Blue and orange traces correspond to the raw N 1s 
XPS signals inside and outside the square array, respectively. The black trace corresponds to a 
fit of the signal outside the square array. 
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which draws great contrast to our finding. In addition, previous mechanochemical activation 
studies on a spiropyran mechanophore incorporated in a linear polymer using laser-induced stress 
wave showed increase in the degree of activation as applied stress increased.67 We attribute this to 
the structure of the interface the mechanophore is localized in. In previous studies, each 
mechanophores were bounded to a single polymer chain, which make them capable of individual 
activation. Under external force, individual bond breaking occurs in a stochastic process which 
can be accelerated by increasing external force71, 99-100. In our specimen configuration, however, 
MA is covalently attached to a crosslinked epoxy which makes it very challenging for 
mechanophores to activate individually. We propose that under such condition, mechanochemical 
activation shows collective on-off behavior. Fluorescence intensity after activation shows around 
80 % fluorescence intensity compared to that of anthracene functionalized fused silica with similar 
grafting density and same square array surface patterns fabricated using photolithography. The 






In this chapter, we demonstrated that laser-induced stress waves are capable of activating the MA 
mechanophores covalently anchored at a fused silica silica-cross linked epoxy interface. The 
interfacial stress at the mechanophore functionalized interface was systematically controlled by 
tuning the laser fluence. The measured threshold activation interface stress for the MA 
mechanophore was between 149 and 163 MPa. Covalent attachment of the mechanophore to both 
the fused silica and crosslinked epoxy surfaces at the interface was critical for mechanochemical 
activation, which occurred concurrently with the epoxy film spallation from the surface. The 
change in the surface chemistry were verified with fluorescence microscopy, XPS, and ToF-SIMS 
measurements. Mechanophore activation was not observed in specimens with a non-covalently 
anchored polymer film even after film spallation, which occurred at a lower interfacial stress 
compared to the covalently bonded active specimens. More broadly, this research introduces a new 
technique for investigating covalent mechanochemistry at solid interfaces and expanding the 
 
Figure 3.10. Average fluorescence intensity (400 m x 400 m region) after laser-induced 
epoxy film spallation as a function of interface stress for covalently (active) and non-covalently 
(control) bonded specimens. The average fluorescence intensity of an anthracene-
functionalized silicon substrate with similar grafting density is shown for comparison (Dashed 
line for error bars). 
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fundamental understanding of molecular processes that underpin the mechanics of debonding and 





SPATIALLY SELECTIVE ACTIVATION OF INTERFACIAL 
MECHANOPHORES VIA AFM LITHOGRAPHY* 
 
4.1 Introduction 
The reported methods to activate mechanophores involve applying mechanical forces to bulk 
polymeric materials,55, 61, 65 ultrasonicating dilute polymer solutions,52, 64, 102, laser-induced stress 
wave101, and single molecule force spectroscopy (SMFS) on surface bound polymers.69, 103-105 
While these approaches are effective at triggering activation, new activation methods that enable 
spatially selective activation are critical for producing custom-designed structures, as well as 
fabricating nanocomposite materials and nanodevices with desired structural, physical, and 
chemical properties. 
 Atomic force microscopy (AFM) is known for its molecular resolution in imaging and 
lithography.45, 48 In addition, AFM operates in various environments, including ultra-high vacuum, 
ambient, and in solution, and as such, is versatile enough to accommodate a wide range of chemical 
reactions.106-108 Furthermore, AFM enables accurate force control over a wide range: from pN to 
hundreds of µN in one experimental setup.108-111 The local pressure at contact is tunable from kPa 
to GPa.112 Finally, AFM enables surface nanolithography as well as structural characterization in-
situ.113-116 Previously, AFM has been used as a nanolithography tool to pattern self-assembled 
monolayers (SAMs) such as alkane thiols on metals,115, 117-118 silanes on Si wafers and glass,46 and 
polymers.47-48   
                                                 
* The results presented in this chapter have been reproduced from published work.131  
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 Herein, we use AFM lithography as a tool to achieve spatially controlled mechanochemical 
reactions at solid interface. Taking advantage of the spatial precision and the force tunability of 
AFM, this approach affords excellent control over the spatial activation of mechanochemical 
reactions on surfaces. This level of control over interfacial reactions enables the fabrication of 
complex structures with nanometer precision and signifies a critical step towards programming the 
surface chemistry molecule-by-molecule.119 The outcomes of our experiments demonstrate the 
feasibility for controlling mechanophore-based surface chemical reactions, 3D nanoprinting, and 
production of advanced coatings and composite materials that require nanopatterning or texture 
control, as well as nanodevices and sensor for mechanical stress and damage in-situ.100, 120-123 
 
4.2 Experimental Methods 
4.2.1 Specimen preparation 
Active specimens with Maleimide-Anthracene (MA) mechanophores immobilized on the surface 
were prepared with a surface functionalization approach following previously reported methods, 
as shown in Figure 4.1.101 In this work, the surface-bound MA mechanophores terminated with a 
bromoisobutyrate group were used to initiate a copper-catalyzed living radical polymerization of 




Silicon substrates (500 m thick) with 300 nm thermally grown oxide layer (University Wafer) 
were cleaned in piranha solution at 120 ℃ for 30 minutes. The cleaned substrates were washed 
with DI water and dried in a stream of air. The substrates were further dried in a convection oven 
at 120 °C for 30 min. For surface functionalization, the cleaned substrates were immersed in a 10 
mM toluene solution of functionalized MA and kept in a sealed container for 24 h on a bench top. 
After 24 h, the substrates were sonicated in toluene and subsequently rinsed with toluene, isopropyl 
alcohol, and DI water followed by drying under a stream of air. 
Patterned MA surfaces were fabricated by first patterning a photoresist (AZ 5214 E, microChem) 
and removing the exposed MA moieties with oxygen plasma (Harric Plasma Cleaner Pdc-32g).83 
After oxygen plasma treatment, residual photoresist was removed by rinsing with N-methyl-2-
pyrrolidone.  
 
Figure 4.1. Fabrication steps for patterned Poly(glycidyl methacrylate) (PGMA) brush-
Maleimide-Anthracene (MA) mechanophore grafted active specimen on silicon substrate 
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Poly(glycidyl methacrylate) (PGMA) brushes with varying thicknesses were synthesized on MA 
initiator-functionalized substrates using ARGET-ATRP.124 Silicon substrates with patterned MA 
initiator were placed in 20 ml vial containing 2 ml methanol/DMF/anisole (1:1:1 volume ratio). 
To a 20 ml scintillation vial (Fisher Scientific), 1.7 g of glycidyl methacrylate (Sigma-Aldrich, 
filtered through basic alumina to remove inhibitor) and 2 ml of a catalyst stock solution (containing 
0.0036 mmol CuBr2 and 0.036 mmol PMDETA) were added. After mixing, the vial was purged 
with nitrogen for 20 minutes. Ethyl-2-bromoisobutyrate (7 l, EIB) was added to simultaneously 
initiate polymerization of GMA along with the surface-initiated polymerization. The molecular 
weight of free polymer EIB-PGMA was used as a reference to estimate the degree of 
polymerization of the surface attached polymer.125 The mixed solution was subjected to three 
cycles of freeze-pump-thaw process for complete degassing. After degassing, vial was filled with 
nitrogen and 1 ml ascorbic acid stock solution (8.4 mM ascorbic acid in methanol/DMF/anisole 
(1:1:1 volume ratio) solvent) was added. Four samples were prepared, which were polymerized 
for 5 minutes (for two samples), 10 minutes and 20 minutes each. After polymerization, the 
specimen was washed with DCM and ethanol. To remove residual solvent, we dried the silicon 
substrate in a vacuum oven at 50 ℃ for 24 h. Representative size exclusion chromatography data 
is shown in Figure 4.2. The weight average molecular weight (Mw), number average molecular 
weight (Mn), and PDI of the synthesized polymer is summarized in Table 4.1. Thickness of the 
polymer brush was determined using AFM probe in DMSO, which were 7.8 ± 0.6, 9.3 ± 1.3 nm, 
9.0 ± 0.9, 11.4 ± 1.2 and 26.0 ± 1.3 nm. For the gradient, spiral pattern specimen, and the 
hierarchical ‘T’ pattern, the exposed silicon surface after oxygen plasma etching was 
functionalized in 10 mM 2-[methoxy(polyethyleneoxy)6-9propyl]trichlorosilane (OEG) (Gelest) 




The control specimen was fabricated to investigate the effects of high-load force on PGMA brush 
without the MA mechanophore. (Figure 4.3) The control specimen was prepared using a similar 
fabrication steps to that of the active specimen. A piranha-cleaned 500 m thick silicon substrate 
with 300 nm thermal oxide layer was functionalized with (3-(trimethoxysilyl)propyl 2-bromo-2-
methylpropionate (Gelest) by immersing it in 10 mM toluene solution for 24 h. The functionalized 
surface was subsequently patterned using photolithography. PGMA brush was prepared by 
ARGET-ATRP (20 minute reaction time) as described above. The thickness of the polymer brush 
was 9.6 nm in DMSO, which was determined by AFM. 
 
Figure 4.2. Representative size exclusion chromatography result of the synthesized PGMA for 
5, 10, 20 min polymerization time. 
Table 4.1. Representative size exclusion chromatography result of the synthesized PGMA for 





4.2.2 AFM lithography setup and protocols for contact force dependent activation  
All active and control samples were characterized using an AFM (MFP-3D, Asylum Research 
Corp., Santa Barbara, CA). Silicon probes, AC 240-TS (Olympus America, Central Valley, PA) 
were used for low contact force imaging and high contact force mechanochemical activation. The 
nominal force constant of the probes was 1.7 N/m, with a resonant frequency of 70 kHz in air. The 
silicon probes were used in their original state, with a brief cleaning with ethanol and subsequent 
nitrogen drying before each experiment. All AFM imaging and activation experiments were 
carried out in a DMSO solvent AFM liquid cell. Before imaging, all cantilevers force constants 
were calibrated on a clean Si (111) wafers (University Wafers).  
 In the DMSO media, the active specimen features were imaged in contact mode with a load 
between 10-66 nN, with scanning speeds ranging from 2.50-135.22 µm/s. The AFM topographic 
images were acquired and analyzed using Asylum MFP-3D software developed on the Igor Pro 
6.34 platform. 
 




Polished silicon wafers were used to calibrate the cantilever before the AFM imaging and 
activation. The wafers were cleaned by immersing in piranha solution for 30 minutes and cleaned 
twice more with fresh piranha solution before being rinsed with copious amounts of milli-Q water. 
Cleaned wafers were subsequently stored in ultra-pure water and rinsed with ethanol and dried 
under nitrogen before further use. 
The concept of spatially-selective mechanochemical activation with AFM lithography is illustrated 
in Figure 4.4. The surface topography imaging and activation of the MA mechanophores were 
achieved in the following steps. First, the mechanophore functionalized active specimen was 
imaged in dimethyl sulfoxide (DMSO) in contact mode with a contact force lower than the 
mechanophore activation force. Second, selected activation region was applied with high contact 
force. During this process, the mechanophores were subject to both lateral and shear force to 
molecules underneath the probe. The combined local mechanical perturbation is known to break 
van der Waals interactions, hydrogen bonds, chemosorbed species,44, 115, 126 and ionic and covalent 
bonds.127 Given that MA mechanophore is specifically designed to undergo a mechanically-
activated retro-Diels-Alder reaction,76 we envision a force range that could selectively activate the 
mechanophore without inducing scission of the covalent bonds in the polymer brush. Third, the 
outcome and spatial-selectivity of the high-load scan was characterized by AFM, in-situ, as each 
activation event cleaves a polymer strand, reducing the layer’s height by a measurable degree, and 
exposes a surface bound anthracene. For specimens where surface topology change was observed, 
the surface chemistry was investigated with fluorescence microscopy and ToF-SIMS to confirm 
that the retro-Diels-Alder reaction was the cause of surface topography change. 
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To further test the spatial-selectivity, we designed and produced a gradient and complex feature. 
Mechanophore regions were imaged at low contact forces (10-66 nN) using AFM to determine 
suitable areas for microlithography. Utilizing custom design software in Igor Pro 6.34, a user-
designed bitmap image was uploaded into the program and translated into force vectors. The color 
scale was assigned minimum and maximum force values, ranging from 100 nN to 1000 nN. 
Additional parameters, such as feature size, scan speed, lines per scan and scan angle were also 
specified. Feature fabrication using this method typically took anywhere from 2-8 minutes, 
depending on feature size, scan speed and image line density. After the lithography scan was 
completed, the area was imaged again under low force with the same AFM tip to evaluate 
fabrication result. 
 
Figure 4.4. A schematic diagram illustrating activation of MA mechanophores at the interface 
between a polymer brush and silicon surface using an AFM probe. Each mechanophore 




4.2.3 Characterization of surface chemistry change with fluorescence microscopy and ToF-SIMS 
Fluorescence images were acquired using a Cascade 512b high sensitivity camera, which was 
attached to Zeiss Axiovert 200M. A mercury lamp source was used with 360 nm centered/FWHM 
11 nm band pass excitation filter, 410 nm pass dichroic mirror, and 420 nm/FWHM 20 nm band 
pass filter (Edmund Optics). For load dependent fluorescence intensity measurements, the 
fluorescence microscopy exposure time was set to 100 ms and 40x magnification on objective lens. 
Fluorescence images were processed with Image J.94 The fluorescence intensity was measured by 
averaging over 20 m x 20 m region. The normalized photoluminescence was calculated by 
setting the average fluorescence intensity of 600 nN applied specimen to 100 and non-activated 
bare specimen as 0. For complex pattern fluorescence imaging, the exposure time was 200 ms and 
63x magnification on objective lens. 
 Active specimens that were subjected to a lithography contact force of 450 nN were 
analyzed with ToF-SIMS (Physical Electronics PHI Trift III) imaging. ToF-SIMS for the CNO- 
negative ion, which originates from maleimide-moiety,96 was imaged to visualize the distribution 
of intact mechanophore on the specimen surface. Au liquid source run with Au+ ion under static 
mode accelerated at 22 KeV energy was used as the source. Data was collected for 10 minute 
duration and analyzed with WinCadencer Version 3.5 Software. 
 
4.3 Results and Discussion 
4.3.1 Change in specimen surface topology before and after high contact force application  
Active specimens with MA moieties showed height change selectively in regions where high 
contact force was applied. Figure 4.5A shows an AFM surface topographic image of an active 
specimen, where an 18.6 µm x 18.6 µm region of PGMA polymer brush is shown in the center of 
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Figure 4.5A. The height of the polymer brush measures 11.4 ± 1.2 nm above the Si-wafer surface. 
The central 5.46 µm x 4.80 µm region was subjected to high contact force (450 nN) scans at 12.52 
m/s with 256 lines in DMSO. The outcome is shown in Figure 4.5B, where the area perturbed 
with high contact force appears 7.8 ± 1.3 nm lower than surrounding or 3.5 ± 0.6 nm above the 
wafer surface. 
 The control specimen with no MA moiety, on the other hand, did not show any change in 
surface topology after high contact force application. Figure 4.5D shows an AFM surface 
topographic image of a control specimen polymer brush edge. The height of the polymer brush 
measures 9.6 ± 1.1 nm above the Si-wafer surface. Identical to the active specimen, the central 
5.46 µm x 4.80 µm region was subjected to high contact force (450 nN) scans at 12.52 m/s with 
256 lines in DMSO. In contrast to the active specimen, however, the control specimen shows no 
change in height decrease after high force application (Figure 4.5E), indicating that none of the 
polymer brushes were cleaved.  
 The difference between the active and control specimen height after high contact force 
application implies that the MA moiety cleavage is the cause of change in height. The control 
specimen AFM lithography result shows that the PGMA brush is intact under high contact force. 
The active specimen, on the other hand, shows significant height decrease after high contact force 
application. This indicates that only the weakest bonds, i.e. the MA mechanophore, were cleaved 
under 450 nN of force. The surface chemistry of the active specimen after high contact loading 







Figure 4.5. Spatially selective height changes in active specimen via AFM lithography versus 
the absence of height change in the control sample. (A) A 24 µm x 24 µm AFM topographic 
image of the active specimen acquired in DMSO at 10 nN imaging force.  (B) The same area 
as (A) imaged under identical condition as (A), after the central 5.46 µm x 4.80 µm area was 
subjected to scans at 450 nN load, with 256 lines within the designed region at 12.52 µm/s 
linear speed. (C) Schematic diagram illustrates the surface chemistries corresponding to the 
AFM image in 5B. (D) A 24 µm x 24 µm AFM topographic image of the control specimen 
acquired in DMSO at 10 nN imaging force.  (E) The same area as (D) imaged under identical 
condition as (D), after the central 5.46 µm x 4.80 µm area was subjected to scans at 450 nN 
load, with 256 lines within the designed region at 12.52 µm/s linear speed. (F) Schematic 
diagram illustrates the surface chemistries corresponding to the AFM image in (E). All scale 
bars are 5.0 µm. 
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4.3.2. Surface chemistry characterization  
The surface chemistry of the active specimen after mechanochemical activation was further 
studied with fluorescence microscopy and ToF-SIMS. A micrometer scale ‘T’ feature was 
fabricated on an active specimen via AFM lithography with 450 nN contacts force. After ‘T’ 
feature was fabricated, the surface was imaged with an AFM and optical microscope. The AFM 
topographic image (Figure 4.6A) shows a height difference after fabricating the ‘T’ feature, which 
verifies the removal of the PGMA brush. The optical micrograph in Figure 4.6B shows color 
contrast between the fabricated region and intact region due to removal of the polymer brush. The 
surface bound mechanophore generated from mechanochemical activation was confirmed with 
fluorescence microscopy. The exclusive fluorescence signal from the fabricated region confirms 
that high contact force successfully translated to mechanochemical activation of the MA 
mechanophore. ToF-SIMS (Figure 4.6D) for the CNO- negative ion, originating from the 
maleimide fragment, was collected to map surface distribution of the intact MA adduct on the 
surface after fabrication. A low concentration of maleimide moiety was detected inside the 
fabricated ‘T’ feature, whereas the intact regions showed a relatively high concentration. This 
result is consistent with the fluorescence measurements that showed selective mechanophore 
activation where high contact force was applied, which led to the loss of the maleimide fragment. 
These set of results unambiguously proves that AFM lithography of the active specimen results in 
surface topography change from mechanochemical activation of MA bound at the interface.  
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4.3.3 Mechanochemical activation as a function of contact force  
Given the force sensitivity of the MA mechanophores, controlling the density of mechanochemical 
activation is theoretically possible by varying the number and location of high force sites within a 
given area. Various means are available in AFM lithography to control the number and location of 
high load sites, e.g. by controlling the line density where the probe applies a high load, employing 
contact at sporadic sites instead of the entire region, or reducing the local contact force, which is 
equivalent to reducing transient contact area.112, 128 In this study, transient contact area and line 
density at which high load is applied is tailored by tuning the lithographic contact force. In the 
example shown in Figure 4.7A, the lithography outcomes under five loading conditions (200, 300, 
400, 500 or 600 nN) are compared. The initial PGMA polymer brush measured 26.0 ± 1.3 nm 
taller than the surrounding Si-wafer surface. For the lowest load of 200 nN, the outline of the 
central region is barely discernable, and minimal fluorescence is observed, indicating only a very 
small portion of the MA mechanophores was activated. Between the 300 to 400 nN squares, drastic 
changes in both AFM topography and the fluorescence intensity are evident. At the highest load 
of 600 nN, the central 5.8 µm x 4.8 µm region measured 24.6 ± 0.9 nm below the surrounding 
 
Figure 4.6. Confirmation of interfacial MA mechanophore activation using AFM lithography. 
(A) AFM topographic image of fabricated ‘T’ feature. (B) Optical image of fabricated the ‘I’ 
feature. (C) Fluorescence image of a ‘T’ feature fabricated. (D) ToF-SIMS image for fragment 
41.99 u (CNO-) which corresponds to the maleimide moiety of the fabricated ‘T’ feature. All 
scale bars are 20 µm. 
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PGMA, and the fluorescence reached its highest intensity. Both the AFM height difference and 
fluorescence intensity suggest quantitative activation of mechanophores within the scanned region 
(Figure 4.7B). 
By using the relative height change to quantify the mechanophore activation density, we can 
further explore the mechanism of the activation density control. The height measured from AFM 
topography decreases with increasing MA activation, as the resulting anthracene is shorter than 
the PGMA brush, and thus the remaining PGMA chains adopt a more relaxed packing than the 
initial polymer brush.129-130 Assuming a linear correlation, MA mechanophore activation is 
estimated from height measurements and plotted in Figure 4.7B,131 and the result is consistent 
with fluorescence intensity measurements as seen from the combined plot. The control over the 
density of MA mechanophore activation is rationalized by the AFM probe-brush contact area. A 
higher force manifests as a higher contact diameter, and as a larger activation area in each scan 
line, while the inter-line spacing is constant under the set scan line density. This increase in 
activation area per line results in an overall height decrease for the scanned area. For example, at 
512 line scans covering the central 5.8 µm x 4.8 µm area, the nearest neighbor line spacing would 
be 9.4 nm. With contact diameter larger than the inter-line spacing, complete activation of the 
mechanophores is expected, while reducing the load leads to contact diameters smaller than inter-




4.3.4 Complex polymer brush pattern formation  
To further test the spatial-selectivity and density control, we designed and produced a gradient 
feature. A rectangular greyscale gradient feature was first designed and saved in bitmap format. 
(Figure 4.8A) After imaging the polymer brush in DMSO at 66 nN, a relatively flat region was 
selected. Then the design from Figure 4.8A was inputted to the AFM imaging software using the 
program’s bitmap lithography tool and applied to the selected region. The location and size of the 
design were adjusted to the configuration shown in Figure 4.8B. Then the grey scale in the design 
(dark to bright) was assigned to specific loads by defining the minimum and maximum value, e.g. 
black = 0.1 N, and white = 1.0 µN, with a linear relationship for the grey scale in between. Finally, 
the design was transcribed onto the active specimen at the assigned load line-by-line. The result 
was imaged in contact mode in DMSO under a low force of 66 nN, as shown in Figure 4.8C. The 
 
Figure 4.7. (A) Top: AFM topographic images of a PGMA brush on a Si-wafer, taken at 5 
designated locations. The images were acquired in DMSO under an imaging force of 55 nN.  
Each image covers a 15.4 µm x 15.4 µm area with the central 5.8 µm x 4.8 µm area scanned 
under a high load indicated above each image. Bottom: fluorescence microscopy images 
acquired at the same areas as those above. Lateral scale bars are 5.0 µm, and the vertical scale 
ranges from 0-50 nm.  (B) The right plot shows the fluorescence intensities, normalized with 
respect to the 600 nN square’s fluorescence (blue, INorm), and relative height difference (black) 
as a function of load. 
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gradient feature covers the central 4.8 µm x 2.8 µm area, requiring 351 lines and 8 minutes to 
produce. Comparing Figures 4.8A and Figure 4.8C, the design was “transferred” with high 
fidelity in both geometry and gradient contrast. A cursor profile shown in Figure 4.8D indicates 
that the height is continuously decreasing along the x-direction during the first 2.7 µm, with the 
height gradient of Z/X = 6.1 nm / 2.7 µm = 2.26 nm/µm. Beyond 2.7 µm, the topography 
plateaued due to full activation of the mechanophores. The gradient can be controlled by varying 
the load assigned to the contrast or changing the x-range, demonstrating the feasibility and high 
degree of control in spatial selectivity and activation density. 
 A more complex design (Figure 4.9) was also tested. A self-designed spiral pattern was 
‘transferred’ to the active specimen by using the same method as Figure 4.8 fabrication. The 
intricate geometry, such as blades of the spiral, and the central circle was accurately replicated 
within the 6.15 µm x 6.15 µm area with two successive scans. Even small features were replicated 
with high fidelity, such as the points of the blades (55 nm). Note that all the non-connected 
 
Figure 4.8. (A) The designed gradient image file shown in grey scale. (B) A 7.0 µm x 6.6 µm 
AFM topographic image of an active specimen overlaid with the physical location and 
dimension prior to activation. AFM lithography was executed, applying the corresponding 
forces following the designed gradient pattern. (C) AFM topographic image of the same area 
as B post lithography. The polymer brush height was 9.2 ± 0.6 nm above the Si wafer surface, 
inlaid in OEG (OEG height measured 1.4 ± 0.2 nm). Lateral scale bar and vertical range are 2.0 
µm, and 0-14 nm, respectively. (D) Height profile as indicated by the horizontal line in C. 
67 
 
domains, such as the blades and the central circle, were also transcribed with high fidelity without 
any traces of dragging. The three different shades on the blades were also faithfully ‘translated’ by 
assigning the shades to different forces to be applied during the scan. The fluorescence image was 
taken in the same specimen region after AFM lithography (Figure 4.8B). The fluorescence 
micrograph confirms spatially selective mechanochemical activation in the locations subjected to 
high contact force.  Results from Figures 4.8 and Figure 4.9 demonstrate that high fidelity and 
spatial accuracy are feasible via combining AFM with the mechanochemical reaction. Such a high 
degree of control and selectivity paves the way for a broad range of applications, including 
composite material engineering, molecular control over the chemical and physical properties of 
surfaces, and fabrication of stress-sensitive nano devices.121-122 
 
4.4 Conclusions 
Activation of MA mechanophores immobilized between a PGMA brush-Si substrate interface 
using AFM lithography was demonstrated. Taking advantage of the accurate force control in AFM, 
 
Figure 4.9. (A) AFM topographic image taken after scanning a complex grey scale image 
(inset) onto 10.7 ± 1.3 nm thick PGMA brush immobilized by MA mechanophores on a Si-
wafer, inlaid on OEG (OEG height measured 1.4 ± 0.2 nm). (B) Fluorescence microscopy 
image of the same region as A collected from 410-430 nm. All scale bars are 1.0 µm.   
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the contact force between the probe apex and the substrate-bound mechanophore was tuned for 
either imaging or activation. The retro [4+2] cycloaddition upon activation of the MA 
mechanophore was verified via in-situ AFM topographic imaging, fluorescence microscopy, and 
ToF-SIMS. The high spatial resolution of AFM enabled nanolithography of complex structures 
with high spatial accuracy and selectivity. Unlike prior 2D nanolithography where the contrast is 
mostly binary, we demonstrate that multi-level contrast in the original design, including gradient 
features and hierarchical micro- and nano-structures, could be faithfully translated via spatially 
controlled surface chemistry. Future applications include production of coatings and composite 
materials that require nanopatterning or texture control, as well as nanodevices and sensors for 
measuring mechanical stress and damages in situ. 
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CHAPTER 5  




Mechanically responsive materials have been developed by incorporating mechanophores in 
polymers.54, 132 When applied stress exceeds a threshold value, conventional polymers undergo 
random chain scission, which results in degradation and eventually failure. In contrast, 
mechanophore functionalized polymeric materials are able to yield selective and productive 
chemical reaction prior to failure.54, 71 Several examples are mechanically-induced optical 
transformation55, 61, 133-134, crosslinking62, 135, catalyst generation136, and electrical conductivity 
change58. Reactive chemical moieties such as ketene59, maleimide101, and cyanoacrylates60, 
which can be generated from mechanochemical activation, are also promising candidates for 
productive chemistry. 
 AFM lithography is a fabrication method able to create nanoscale surface features43, 47, 137. 
The force applied to the material from the probe can be varied over a broad range from pN to 
hundreds of N.41-42, 106 The ability to change the contact force enables mechanical lithography as 
well as in-situ structural characterization. 113-116 In addition, the high resolution45, 48, 138, relatively 
low environmental constraints106-108, and low cost makes AFM lithography an attractive tool for 
surface modification. In prior literature, organic nanostructures such as patterned self-assembled 
monolayers42, 138-139, organic electronic devices42, and structured polymer brushes43, 140-141 have 
been successfully fabricated using AFM lithography.  
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 Here, we demonstrate spatially controlled in-situ mechanochemical activation-addition at 
solid surface via AFM lithography. The process is shown schematically in Figure 5.1. A 
mechanophore functionalized surface is activated using the AFM tip to selectively cleave the 
mechanophore and trigger a reaction with the surrounding environment. The surface 
mechanochemical reaction is confirmed by AFM surface topography imaging, XPS, ToF-SIMS, 
and fluorescence microscopy.  In this work, we investigate the force-induced reaction of a 
Maleimide-furan (MF) mechanophores on a silicon substrate. Maleimide moieties produced by 
mechanophore activation successfully reacted with thiol-maleimide-furan (TMF) molecule in 
solution to locally grow new polymer and form surface patterns. Consecutive in-situ activation-
addition reaction was attempted unsuccessfully, and further research will be required to achieve 





5.2 Experimental Methods 
5.2.1 Synthesis of maleimide-furan (MF) mechanophore  
Reagents from commercial sources were used without further purification unless stated otherwise. 
Anhydrous DCM, NEt3, APTES ((3-Aminopropyl)triethoxysilane), anhydrous chloroform, 
furfuryl alcohol, sulfuric acid (95.0%), hydrogen peroxide (30% aqueous solution), and octanoyl 
chloride was purchased from Sigma-Aldrich. 3-(Maleimido)propionic acid N-hydroxysuccinimide 
ester was purchased from Chemimpex. All reactions were performed under a N2 environment. The 
column chromatography was performed on a Biotage Isolera system using SiliCycle SiliaSep HP 
flash cartridges. The NMR spectra were recorded using a Carver B 500 MHz spectrometer.  All 
 
Figure 5.1. (A) Schematic of in-situ mechanochemical activation and addition reaction at solid 
surface for surface pattern formation. (B) Mechanochemical activation of maleimide-furan 
(MF) mechanophore via AFM lithography and consecutive addition reaction of thiol 
functionalized maleimide-furan (TMF). 
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1H NMR spectra are reported in δ units, parts per million (ppm), which were measured relative to 
the chemical shift from residual chloroform (7.26 ppm) in deuterated chloroform. All 13C NMR 
spectra are reported in ppm relative to the signals from residual chloroform (77.16 ppm).  Mass 
spectra were acquired through the Mass Spectrometry Laboratory, School of Chemical Sciences, 
at the University of Illinois. Polished silicon wafers, Si (111) and Si (100) doped with boron, were 
purchased from University Wafer. ElectriMulti75-G AFM probe were purchased from 
BudgetSensors.  
2,5-dioxopyrrolidin-1-yl 4-(4-(hydroxymethyl)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-
epoxyisoindol-2-yl)butanoate (3). A 100 mL round bottom flask equipped with a stir bar and a 
reflux condenser was filled with furfuryl alcohol (1.5 g, 15.04 mmol), chloroform (50 mL), and 2 
(2 g, 7.52 mmol). After refluxing in 24h at RT, the concentrated under reduced pressure. The crude 
product was purified by column chromatography (0-10 % DCM/methanol) to provide 3 as a white 
solid powder. 1H NMR (500 MHz, CDCl3) δ: 2.62-2.86 (s, 4H), 2.88–2.93 (m, 2H), 2.94-3.10 (m, 
2H), 3.44-3.77 (m, 2H), 3.8–4.0 (m, 1H), 4.15-4.33 (d, 1H), 5.25–5.35 (m, 1H), 6.34–6.63 (m, 2H) 
ppm. 13C{1H} NMR (125 MHz, CDCl3) δ: 25.40, 25.55, 28.54, 28.79, 33.53, 34.02, 46.17, 48.15, 
48.19, 50.12, 53.44, 60.68, 61.52, 79.50, 80.87, 91.53, 92.03, 134.95, 135.78, 136.99, 138.34, 
165.92, 165.97, 168.79, 168.83, 174.36, 174.71, 175.52 ppm. HRMS (ESI, m/z): calculated for 
[C16H16N2O8]
+ (M)+, 364.09; found, 364.11. 
 




epoxyisoindol-4-yl)methyl octanoate (6).  An overnight oven dried 100 mL round bottom flask 
equipped with a stir bar was charged with 4 (1.35 g, 3.7 mmol) and dry DCM (50 mL) and sealed 
with a septum. Triethylamine (0.5 mL, 3.6 mmol) was added via syringe followed by the dropwise 
addition of octanoyl chloride (0.63 mL, 3.7 mmol). After stirring at room temperature overnight, 
the reaction mixture was washed with brine, liquid extracted, dried over MgSO4, filtered, and 
concentrated under reduced pressure. The crude product was purified by column chromatography 
(30-80 % ethyl acetate/hexanes) to provide 6 as a colorless liquid. 1H NMR (500 MHz, CDCl3) δ: 
0.81-0.91 (m, 3H), 1.19-1.37 (m, 8H), 1.55-1.70 (m, 3H), 2.29-2.40 (m, 2H), 2.72-2.86 (s, 4H), 
2.87–2.93 (m, 2H), 2.94-3.10 (m, 2H), 3.39-3.76 (m, 2H), 3.84–3.95 (m, 1H), 4.40-4.61 (dd, 1H),  
4.80-4.96 (dd, 1H), 5.24–5.31 (m, 1H), 6.34–6.63 (m, 2H) ppm. 13C{1H} NMR (125 MHz, CDCl3) 
δ: 14.06, 22.58, 24.90, 25.55, 28.88, 29.03, 31.64, 33.53, 33.99, 34.03, 34.12, 46.71, 47.81, 48.47, 
61.05, 61.68, 79.57, 81.04, 89.66, 89.74, 134.65, 135.77, 137.17, 137.44, 168.70, 169.21, 
169.64,173.79, 173.92, 174.06, 175.25. HRMS (ESI, m/z): calculated for [C24H31N2O9]
+ (M+H)+, 
490.20; found, 490.14. 
 




epoxyisoindol-4-yl)methyl octanoate (9). 7 (1 g, 1.98 mmol), triethylamine (0.83 ml, 6 mmol), 
and 2-aminoethanethiol (0.46 g, 6 mmol) were added to DCM (40 ml) and the mixture was stirred 
for 4 h at 20 ºC. The reaction mixture was washed with 1 N aqueous HCl (30 mL), dried over 
MgSO4, filtered, and concentrated under reduced pressure. The crude product was purified by 
column chromatography (30-80 % ethyl acetate/hexanes) to provide 9 as a colorless liquid. 1H 
NMR (500 MHz, CDCl3) δ: 0.81-0.92 (m, 3H), 1.19-1.37 (m, 8H), 1.55-1.70 (m, 3H), 2.29-2.40 
(m, 2H), 2.60-2.70 (m, 2H), 2.87–2.93 (m, 2H), 2.94-3.10 (m, 2H), 3.39-3.46 (m, 2H), 3.61-3.69 
(m, 2H), 3.84–3.95 (m, 1H), 4.40-4.61 (dd, 1H), 4.80-4.96 (dd, 1H), 5.24–5.31 (m, 1H), 6.28–6.57 
(m, 2H) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ: 14.06, 22.58, 24.90, 27.69, 28.88, 29.03, 31.64, 
33.53, 33.99, 34.03, 34.12, 42.32, 46.71, 47.81, 48.47, 61.05, 61.68, 79.57, 81.04, 89.66, 89.74, 
134.65, 135.77, 137.17, 137.44, 169.21, 169.64,173.79, 173.92, 174.06, 175.25. HRMS (ESI, m/z): 
calculated for [C23H34N2O6S]
+ (M+H)+, 467.59; found, 467.22. 
 
5.2.2 Fabrication of MF functionalized patterned surfaces 
The fabrication steps for patterning the MF mechanophore are shown schematically in Figure 5.2.  
First, a Cr alignment mask is deposited. Next, a Si substrate was functionalized with APTES. The 
amine functionalized surface was further treated with N-hydroxylsuccimide functionalized MF. 
 
Scheme 5.3 Thiol functionalization of MF mechanophore 
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Finally, the MF functionalized surface was patterned with photolithography and subsequent 
oxygen plasma. Each of these steps is described in detail below.  
 
A Cr alignment mark was deposited on Si (100) substrate as a reference point during AFM 
lithography. Si (100) substrates were sonicated in acetone for 5 min to remove contamination on 
the surface. Subsequently, the substrates were cleaned with acetone and IPA, and dried with N2 
stream. The cleaned substrates were spincoated and photo-patterned with a photoresist (AZ 5214 
E, microchem) in a cleanroom. 10 nm thick chromium layer was deposited on the photo-patterned 
surface with thermal evaporator (Temescal). The residual photoresist was removed by rinsing with 
N-methyl pyrrolidone and drying under a stream of N2.  
Si substrates with Cr alignment marks were then amine functionalized. The substrates 
were cleaned in piranha solution at 120 ℃ for 30 minutes. After all organic residue was removed, 
the substrates were washed with DI water and dried in a stream of N2. The substrates were 
further dried in a convection oven at 120 °C for 30 min. Dried substrates were immersed in a 10 
mM toluene solution of APTES and kept in a sealed container for 24 h on a bench top. After 24 




h, the substrates were sonicated in toluene and subsequently rinsed with toluene, isopropyl 
alcohol, and DI water followed by drying under a stream of N2. 
Amine functionalized substrates were then functionalized with MF mechanophore. 
Amine functionalized substrates were immersed in a 10 mM DCM solution of functionalized MF 
adduct and kept in a sealed container for 30 min on a bench top. After 30 min, the MF 
functionalized substrates were sonicated in DCM and subsequently rinsed with DCM, isopropyl 
alcohol, and DI water followed by drying under a stream of N2. 
The patterned MF surfaces were fabricated by photo-patterning a photoresist (AZ 5214 E) 
and removing the exposed MF mechanophores with an oxygen plasma cleaner (Harric Plasma 
Cleaner Pdc-32g).83 After oxygen plasma treatment, residual photoresist was removed by rinsing 
the substrate with N-methyl-2-pyrrolidone and drying under a stream of N2.  
Identical substrates were patterned with maleimide as control specimens to compare 
height profiles with the mechanochemically activated MF. The amine functionalized substrates 
were prepared as same as the method above. The amine functionalized substrates were immersed 
in 10 mM DCM solution of 3-(Maleimido)propionic acid N-hydroxysuccinimide ester. After 30 
min, the maleimide functionalized substrates were sonicated in DCM and subsequently rinsed 
with DCM, isopropyl alcohol, and DI water followed by drying under a stream of N2. The 




Fluorescein dye was attached to the activated MF mechanophore functionalized specimen 
to verify spatially selective mechanochemical activation. Thiol functionalized fluorescein was 
purchased from NANOOCS (Catalog #PG2-FCTH-1k) and was used without further purification. 
After the MF functionalized specimen was subjected to AFM lithography with custom design 
patterns, it was immersed in 10 mM fluorescein-DMSO solution for 12 hours bench top. After 24 
hours, the specimen was rinsed with DMSO, acetone, and IPA. The specimen was subsequently 
dried with a stream of N2. 
5.2.3 AFM lithography setup and protocols 
All surface topography images were taken using an MFP-3D (Asylum Research Corp., Santa 
Barbara, CA). ElectriMulti75-G (Budget Sensors) AFM probes were used for low contact force 
imaging and high contact force mechanochemical activation. The nominal force constant and the 
resonant frequency of the probes were 3 N/m and 75 kHz in air. The probes were rinsed with 
ethanol and subsequently dried under N2 stream before each experiment. All imaging and 
mechanochemical activation experiments were carried out in a DMSO solvent filled AFM liquid 
cell. Before imaging, all probe force constants were calibrated on a clean Si (111) wafers 
(University Wafers). In the DMSO media, the specimen features were imaged in contact mode 
 
Figure 5.3. Fabrication steps for patterned maleimide functionalized surface on Si substrate. 
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with a load of 35 nN, with scanning speeds ranging from 5-75 µm/s. The acquired AFM 
topographic images were analyzed using Asylum MFP-3D software developed on the Igor Pro 
6.34 platform. 
Polished Si (111) substrates were used to calibrate the probe force constant before the 
experiment. Organic residue on the wafers were cleaned by immersion in piranha solution for 30 
minutes, rinsed with DI water, dried under a stream of N2. Cleaned substrates were stored in DI 
water, and rinsed with ethanol and dried under N2 stream before usage. 
The spatially-selective mechanochemical activation with AFM lithography is illustrated 
in Figure 5.4. First, the MF mechanophore functionalized specimens were imaged in DMSO 
with a contact force lower than the mechanophore activation force. Next, a selected activation 
region was subject to a high contact force. During the high contact force application, vertical as 
well as lateral shear force was applied to the molecules underneath the probe. The mechanical 
perturbation of the AFM probe can break hydrogen bonds, ionic, and even covalent bonds.43-44, 
115, 126 Given that MF mechanophores are known to undergo a mechanically-activated retro-
Diels-Alder reaction,142 we anticipate that the AFM will selectively activate the mechanophore 
without breaking any other covalent bonds in the molecule. Finally, the lithography result was 




5.2.4 Characterization of surface chemistry 
Fluorescence images were acquired using a Cascade 512b high sensitivity camera, which 
was attached to Zeiss Axiovert 200M. A mercury lamp, 475 nm centered 35 nm band pass filter, 
500 nm dichroic mirror, and 530 nm centered 43 nm band pass filter were used for light source, 
band pass filter, dichroic mirror, and band pass filter respectively. The fluorescence microscopy 
exposure time was set to 50 ms and 40x magnification on objective lens. Fluorescence images 
were processed with Image J.94  
 
 
Figure 5.4. A schematic illustrating the activation of MF mechanophores at the Si surface using 
an AFM tip. Each mechanophore activation produces a free furan and a maleimide moiety 
bound to the surface via a retro Diels-Alder reaction. 
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After surface pattern formation, the activated specimen was imaged with ToF-SIMS 
(Physical Electronics PHI Trift III). Au liquid source run with Au+ ion under static mode 
accelerated at 22 KeV energy was used as the source. Data were collected for 10 minute duration.  
Specimens were analyzed with XPS spectroscopy before activation, after activation, and 
after thiol addition. The C 1S and S 2S intensities were compared to investigate the surface 
chemistry change. XPS measurements were performed using a Kratos Axis ULTRA with 
monochromated Al Kα X-ray source (15 µm spot). The kinetic energy of the electrons was 
measured by a 180° hemispherical energy analyzer operated in the constant analyzer energy mode 
(CAE) at 50 eV pass energy for elemental spectra. The measured spectra were fit with Voigt 
profiles and calibrated by centering SiO2 2P peak at 103.5 eV. All data were normalized to the 
SiO2 2p peak. 
 
5.3 Results and Discussion 
5.3.1 Mechanophore Activation – Topology Changes 
Mechanical activation of the MF mechanophores was confirmed through measurement of changes 
in surface topology. The height of the MF mechanophore functionalized and the maleimide control 
specimens were measured by AFM before force application. Surface topographic images reveal 
the location of the central 10 µm x 10 µm regions photo-patterned with MF (Figure 5.5A) and 
maleimide (Figure 5.5B). Both samples were scanned in DMSO with 15 m/s scan speed. As 
shown in Figure 5.5C, the average height of each specimen was 2.3 nm and 1.1 nm, respectively, 
from the Si-wafer surface. This height information serves as a baseline for comparison with the 
topology after high contact force application. 
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 The surface topology of five different 5 m x 5 m square MF functionalized regions were 
compared before and after applying high contact forces (200, 300, 400, 500 or 600 nN) in the 
central 1 m x 0.84 m regions (Figure 5.6A). For loads of 200 and 300 nN, there were no 
noticeable surface topology changes, indicating only a very small portion of the MF 
mechanophores were activated. In great contrast, significant changes in AFM topography were 
observed after applying 400 nN, 500 nN, and 600 nN to the specimen. The average height 
difference between the central 1 m x 0.84 m and the surrounding 3 m x 2.52 m was 
approximately 1.18 nm for all three forces. (Figure 5.6C) This height change matches well with 
the average height difference between the surface functionalized MF mechanophore and the 
 
Figure 5.5. AFM topography images of MF mechanophore and maleimide functionalized Si 
surfaces: (A) MF mechanophore functionalized pattern, (B) maleimide functionalized pattern. 
(C) Average measured height superimposed on a schematic of the MF mechanophore and 
maleimide functionalized surfaces. 
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maleimide control specimens. Repeating the same experiment for a force range between 320 nN 
and 380 nN showed that surface topology change is first observed at contact force of approximately 
380 nN (Figure 5.7). The measured height change after high contact force application implies that 




Figure 5.6. (A) AFM topographic images of a MF mechanophore functionalized Si substrate 
before and after applying high contact force, taken at 5 designated locations. Images were 
acquired in DMSO under an imaging force of 35 nN. Each image covers a 5 µm x 5 µm area 
with the central 1 m x 0.84 m area scanned under a high load. (B) Schematic showing height 
change associated with the mechanophore activation.  (C) Average height difference between 
the central 1 m x 0.84 m area activated with high force (White box on Figure 5.6A) and 




5.3.2 Mechanophore Activation – Chemical Characterization 
Surface chemistry changes after application of high contact load was characterized with 
fluorescence microscopy, XPS and time of flight-secondary ion mass spectroscopy (ToF-SIMS). 
A micrometer scale ‘grid’ feature was fabricated on a MF mechanophore functionalized substrate 
via AFM lithography. The fabrication pattern was designed with a custom design software in Igor 
Pro 6.34. The lithography conditions were 600 nN contact force, 512 lines, and 25 m/s scan speed 
for each lithography step. After the fabrication steps were completed, the surface was imaged at 
35 nN. The AFM topographic image in Figure 5.8A shows that the custom designed ‘grid’ feature 
has been successfully fabricated. The ToF-SIMS image (Figure 5.8B) for the C8H15O2
- negative 
ion, originating from the alkyl chain attached to the furan, was collected to image the spatial 
distribution of the intact MF on the surface after AFM lithography. Areas where high contact force 
was applied showed relatively low concentration of furan compared to its periphery. This result is 
consistent with the AFM topography image that showed spatially selective mechanochemical 
 
Figure 5.7. AFM topographic images of the MF mechanophores functionalized Si-wafer before 
and after applying high contact force between 320 nN and 380 nN, taken at 4 different locations. 
Each image was acquired in DMSO under an imaging force of 35 nN. 
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activation only where high contact load was applied, which led to the loss of the furan fragment. 
The maleimide moieties exposed on the surface from the mechanochemical activation were 
covalently attached to thiol functionalized fluorescein dyes following the protocol mentioned in 
5.2.1. The fluorescence microscopy image (Figure 5.8C) reveals significant fluorescence intensity 
only in regions where high contact load was applied, indicating that surface maleimide is only 
present in regions where high contact force was applied. 
 The surface chemistry change was further studied using XPS. Figures 5.9A and 5.9B show 
the before and after AFM lithography of a 75 m x 65 m region on a MF functionalized specimen. 
The lithography process was divided into 25 steps, where each step 15 m x 13 m regions were 
activated with a 600 nN contact force, 512 lines, and 75 m/s scan speed in DMSO. XPS signals 
were acquired before and after AFM lithography for C 1S and summarized in Figure 5.9C and 
5.9D. Before activation, the XPS shows the existence of three carbon species (C-C, C-O, C=O), 
which matches well with what is expected for the intact mechanophore schematic. After activation, 
 
Figure 5.8. (A) AFM topographic image of a MF mechanophore functionalized Si substrate 
after creating a grid pattern with 600 nN contact force. (B) ToF-SIMS image for C8H15O2
- 
negative ion o. (C) Fluorescence image of the grid pattern after fluorescein attachment to the 
surface bound maleimide moiety from the activated region. 
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the C-O carbon signal completely disappears, which we hypothesize is  due to the loss of the furan 
moiety.143 The fluorescence microscopy, ToF-SIMS, and XPS data combined with the measured 
topology changes provides strong evidence of mechanochemical activation of the surface bound 
MF due to AFM lithography 
 
5.3.3 Surface pattern formation via addition reaction with thiol-maleimide-furan (TMF) molecule 
The feasibility of surface pattern formation by polymer growth due to the activation-addition 
reaction on a MF functionalized Si substrate was investigated. First, the surface functionalized MF 
 
Figure 5.9. (A) AFM topography image of MF functionalized Si. (B) AFM topography image 
after activating a 75 m x 65 m region MF functionalized Si (C) C 1S XPS spectrum of the 
MF mechanophore functionalized surface before activation from C-C, C=O, and C-O. (D) C 




was activated with AFM lithography and subsequently reacted with TMF molecules ex-situ. The 
surface topology of 5 m x 5 m square regions on the mechanochemically activated surface 
bound MF specimen were compared before and after exposure to TMF molecules. The central 1 
m x 0.84 m regions were activated with 600 nN contact force, 512 lines, and 25 m/s scan speed 
in DMSO (Figure 5.10A).  After activation, the specimen was immersed in a 10 mM TMF-DMSO 
solution for 30 minutes. After 30 minutes, the sample was sonicated and rinsed with DMSO to 
remove all physically adhered TMF molecules on the surface. The surface topology in DMSO 
after potential addition reaction is shown in Figure 5.10B. The cursor profile (Figure 5.10C) 
shows that the activation-addition reaction results in a 0.8 nm height increase compared to the 
intact surface.  
 The addition reaction at the surface was further confirmed using XPS. Figure 5.11A and 
5.11B shows the surface topography before and after thiol addition reaction of a 75 m x 65 m 
region on an activated MF functionalized specimen. The lithography process was divided into 25 
 
Figure 5.10. (A) AFM topography image after mechanochemical activation of MF 
functionalized Si. (B) AFM topography image after thiol addition reaction with the 
mechanochemical activation of MF functionalized Si. (C) Cursor profile of the AFM 
topography images showing height increase after addition reaction.  
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steps, where each step 15 m x 13 m regions were activated with 600 nN contact force, 512 lines, 
and 75 m/s scan speed in DMSO. The activated specimen was immersed in 10 mM TMF-DMSO 
solution for 30 minutes. After 30 minutes the specimen was sonicated in DMSO and subsequently 
rinsed with DMSO to remove all physically bonded molecules on the surface. From the AFM 
topography images, height increase after immersion in the TMF-DMSO solution was observed, 
indicating that thiol addition reaction has occurred. The S 2S XPS data before and after addition 
reaction are summarized in Figure 5.11C and 5.11D. An S 2S signal is only detected after 
activation, confirming that the maleimide moiety generated from mechanophore activation reacted 




 Next, the in situ mechanochemical activation-addition reaction was investigated. MF 
functionalized specimens were immersed in an AFM liquid cell filled with 10 mM TMF-DMSO 
solution. Utilizing a custom design software in Igor Pro 6.34, a ‘+’ feature was patterned on the 
specimen (Figure 5.12A). The lithography conditions were 600 nN contact force, 256 lines, and 
5 m/s scan speed. The specimen was kept in the solution for 5 minutes after high contact load 
was applied to give time to complete the addition reaction. The surface topology was then imaged 
at 35 nN. As shown in Figure 5.12B, a distinct height increase is observed selectively in the custom 
 
Figure 5.11. (A) AFM topography image of MF functionalized Si with 75 m x 65 m region 
activated. (B) AFM topography image after thiol addition reaction. (C) S 2S XPS spectrum of 
the activated MF mechanophore functionalized surface before addition reaction showing no 
presence of sulfur on the surface. (D) S 2S XPS spectrum of the activated MF mechanophore 
functionalized surface after addition reaction showing presence of sulfur on the surface. 
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designed ‘+’ feature. A second AFM image was taken 30 minutes after lithography, which showed 
no observable change in surface topography compared to 5 minutes after lithography (Figure 
5.12D). An average 0.8 nm height change was observed at both 5 minutes and 30 minutes after 
activation. This demonstrates that nanoscale precision additive fabrication is feasible via in-situ 
mechanochemical activation-addition reaction. 
 Finally, consecutive mechanochemical activation-addition reactions were investigated 
with the goal of mechanically controlled surface-initiated polymerization. After the 1st activation-
addition reaction, high contact force was applied to the same region to induce a 2nd activation-
addition reaction. The central 1 m x 0.84 m region was applied with 600 nN contact force, 512 
lines, and 25 m/s scan speed in 10 mM TMF-DMSO solution and imaged 5 minutes after 
activation. Figure 5.13A, reveals that the 1st activation-addition was successful. However, no 
change in surface topology was observed after applying 600 nN for the second cycle to the same 
central 1 m x 0.84 m region (Figure 5.13B). Even after increasing the contact force to 900 nN, 
 
Figure 5.12. Patterned surface growth on mechanophore functionalized specimen after 
addition reaction with thiol-maleimide-furan molecule (A) Custom designed AFM 
lithography template. White areas were subject to 600 nN contact force and black regions 
subject to only 35 nN contact force for imaging. (B) AFM topography image before lithography. 
(C) AFM topography image 5 minutes after lithography. (D) AFM topography image 30 
minutes after lithography. 
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there were no visible changes in the surface profile (Figure 5.13C).  We hypothesize that when 
the mechanophore is close to the substrate, force is transduced more efficiently to the 
mechanophore, enabling mechanochemical activation. After the 1st activation-addition reaction, 
the mechanophore further from the substrate due to polymer growth. The alkyl chain between the 
mechanophore and substrate may bend and dissipate energy, instead of activating the 
mechanophore. Additionally, force transmission to the mechanophore may be less efficient. 
Stronger adhesion between the surface mechanophore and AFM tip could potentially improve 
transduce force and enable consecutive activation-addition reaction. 
 
5.4 Conclusions 
Additive fabrication of surface pattern via in-situ activation-addition of surface bound 
mechanophores using AFM lithography was demonstrated. Surface topography changes of AFM 
lithography activated MF functionalizes surfaces were observed for applied contact forces above 
380 nN. The corresponding change in surface chemistry was confirmed by XPS, ToF-SIMS, and 
fluorescence microscopy. Surface bound maleimide moieties generated from mechanophore 
 
Figure 5.13. (A) AFM topography image 5 minutes after 1st activation-addition reaction (A) 
AFM topography image 5 minutes after 2nd 600 nN contact force application. (B) AFM 
topography image 5 minutes after 3rd 900 nN contact force application. (C) Cursor profile after 
2nd and 3rd lithography cycle showing no change in surface height. 
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activation enabled growth of surface patterns via addition reaction with thiol-maleimide-furan 
(TMF) molecule. XPS and AFM surface topographic images further confirmed that in-situ 
activation-addition reaction occurred. With further advances, we envision this new platform can 




CHAPTER 6  
SUMMARY AND FUTURE WORK 
6.1 Summary 
 In this thesis, functionalized interface systems were studied with three different 
experimental method. Firstly, the fracture toughness of SAM-modified interfaces with different 
tail group composition were characterized with laser induced dynamic delamination setup. 
Secondly, the activation properties of interfacial MA were studied with laser-induced stress wave. 
Finally, AFM lithography was used to activate and fabricate surface pattern with interfacial MA 
and MF. 
 The interfacial fracture toughness of SAM-modified Si-Au interfaces with various tail 
group chemistry composition was investigated. (Chapter 2) The interfacial fracture toughness of 
SAM-modified interface increased as the thiol composition increased. By combining laser induced 
dynamic delamination experiments and computation results, the energy evolution during crack 
propagation was quantified. The plastic energy dissipation over fracture energy dissipation ratio 
increased as the interfacial toughness increased.  
 Laser-induced stress wave was used to analyze the mechanochemical activation of MA 
mechanophores localized at solid interface. (Chapter 3) Using XPS, fluorescence microscopy, 
and ToF-SIMS, mechanophore activation was verified only for MA mechanophore specimen 
covalently bonded between epoxy and fused silica. The threshold activation stress of interfacial 
MA was estimated between 149 MPa and 163 MPa from the laser-induced stress wave setup. Due 
to the crosslinked nature of the epoxy film, the degree of activation for interfacial MA showed a 
complete ‘on-off’ type behavior, which draws clear contrast with mechanophores embedded in a 
homopolymers, which shows linear increase as applied force increases.  
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 AFM lithography was used to activate interfacial MA mechanophores and fabricate surface 
patterns. (Chapter 4) Interfacial MA mechanophores localized between PGMA brush and Si 
substrate were mechanically cleaved using AFM lithography in a DMSO solvent liquid AFM cell. 
The specimen showed decrease in the polymer brush height only on the regions where high force 
was activated. Fluorescence microscopy and ToF-SIMS images showed that surface chemistry 
change coincided with the spatial profile where high force was applied. Fluorescence intensity 
suggest that the degree of activation can be controlled by changing the lithography force. In 
summary, the AFM lithography proved excellent spatial and density controlled mechanochemical 
activation at solid interface. 
 Finally, surface pattern was formed using AFM lithography and MF functionalized surface. 
(Chapter 5) AFM surface topology, fluorescence microscopy, ToF-SIMS, and XPS confirmed 
that the surface functionalized mechanophores can be activated exclusively on regions of interest 
using AFM lithography. Exposed maleimide moieties from activated regions showed high 
reactivity with TMF functionalized molecule in DMSO solution. The feasibility of surface pattern 
formation via in-situ surface MF activation and TMF molecule addition was demonstrated. In 
short, the In-situ activation-addition reaction via AFM lithography of mechanophore 
functionalized surface can be used as a platform for promote productive surface chemistry 
reaction. 
 
6.2 Future work 




6.2.1 Activation of interfacial mechanophore via soft-lithography  
 Soft-lithography as a new method to activate and utilize interfacial mechanophore is 
suggested. Soft-lithography is a technique for fabricating surface structures with an elastomeric 
stamp, such as Polydimethylsiloxane (PDMS).144 Using elastomers, patterned surface is formed 
by microcontact printing process as shown in Figure 6.1A. The application of soft-lithography has 
been broadening for its low cost, diversity of pattern transferring methods, and biocompatibility.145 
Combining soft-lithography and surface functionalized mechanophores can be a useful way to 
fabricate complex surface structure with high precision. Although AFM lithography has higher 
spatial precision and force tunability, a typical fabrication window is far too small for most 
applications. Soft-lithography, on the other hand, could be a useful tool for fabricating large area. 
Here are the following steps for soft-lithography based mechanophore activation-addition reaction. 
First, the surface functionalized mechanophore will come into contact and form covalent bond 
with the PDMS. Next, the elastomer will be detached from the substrate. We envision that 
covalently linked interfacial mechanophores can be activated by this process. Finally, the activated 
mechanophore will be dipped in a solution to replenish the mechanophore on the activated region. 
By repeating activation-addition cycle we can form surface pattern in a larger scale compared to 
AFM lithography. 
 
6.2.2 Force sensitive surface for bioengineering application 
 Mechanophore functionalized surface for bioengineering application is suggested. One of 
the factors that governs stem cell differentiation is the mechanical interaction of the stem cell with 
the environment. For example, stem cells cultured in stiff matrix tend to differentiate in to bone or 
muscle cells whereas stem cells cultured in soft matrix tend to differentiate in to neuron. (Figure 
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6.1B)146 Although the effect of matrix on the stem cell differentiation has been studied quite 
extensively, there are no protocols to quantify the mechanical interaction between the stem cells 
and the matrix. Herein, we suggest mechanophore functionalized surface as a platform to measure 
the interaction between the matrix and the stem cells. Surface mechanophores will start to activate 
once the tension from the cells reaches threshold activation force. We anticipate that the degree of 
activation will correlate with stem cell differentiation. By monitoring the degree of activation via 
fluorescence microscopy, we could quantify the interaction between the stem cells and the matrix. 
The interaction force will serve as a valuable data to predict and control stem cell differentiation. 
 
6.2.3 Mechanophore functionalized micelle for triggered release 
 Mechanophore functionalized micelles for mechanically triggered small molecule release 
is suggested. Controlled release of payloads using stimuli responsive polymeric capsules have been 
utilized for self-healing, drug delivery, and fragrance release.147 When the capsules are exposed to 
external stimuli, such as light, electric field, or heat, the shell wall is degraded and releases the 
cargo. Similarly, we suggest a mechanophore functionalized micelle as a vessel for mechanically 
stimulated small molecule release. It has been demonstrated that diblock copolymer functionalized 
with mechanophore can be mechanochemical activated. (Figure 6.1C)148 When the micelle 
solution is sonicated, the mechanophore at the interface gets activated, releasing small molecules. 
We believe that by selecting appropriate chemistry, mechanophore vessel can be useful for 





Figure 6.1. (A) Soft-lithography of DNA on silicon substrate.149 (B) Relationship between stem 





APPENDIX A. NON-LINEAR ELASTO-PLASTIC FINITE ELEMENT 
SCHEME  
 
The energy evolution during dynamic delamination is studied using a non-linear elasto plastic 
finite element method.87 The Au strip deformation is captured with non-linear elasto-plastic finite 
element scheme based on von Karman beam model and the interaction between the Au strip and 
SAM-modified substrate is modeled with cohesive model,150 which is inspired by Yang et al.151 
and Xi et al.152, and builds on a similar model used by Tran et al.87 in their nonlinear elastic 
simulations of the dynamic delamination event. 















                (7) 
where u and w represent the displacement in the axial and vertical directions of a point on the 
neutral axis of the beam. The first two terms represent the elongation of the film along its neutral 
axis while the last term represents the contribution of the curvature. Therefore, the displacement 
of the film is a superposition of the stretching of the neutral axis and bending component in the 
thickness direction.  
 The next aspect of the formulation is the modeling of the elasto-plastic response of the 
film. The dynamic constitutive response of Au films is affected by many factors such as the 
temperature, moisture, film thickness, grain size, and strain rate. Strain softening has been noted 
in the low strain rate range, while strain hardening and increase of ultimate strain have been 
observed when the strain rate exceeds 101 s-1 on thin Au films.153-154 The dynamic mechanical 
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properties of Au at high strain rates are not reported in the literature. However, similar ̀ soft metals' 
have shown effects of strain hardening when the strain rate exceeds 102 s-1.155-156 The typical strain 
rate values experienced by the film during the delamination event are of the order of 105 s-1. Since 
the constitutive properties of Au are unknown in this strain rate regime, we calibrate the dynamic 
properties of Au from the outcome of one delamination event.150 We assume a bilinear hardening 
of material constitutive relation to capture the elasto-plastic deformations in the thin film: 
x xE =  for x yield                   (8) 
( )x yield x yieldE RE   = + −  for x yield                (9) 
where 






, and R(<1) represents the tangent modulus ratio 
of the hardening law. The elastic properties (Young's modulus E and Poisson's ratio ν) and the 
density value for Au are listed in the Table 2.2 below. Upon unloading, the constitutive response 
takes the form 
x xE =  for x yield                 (10) 
( ) ( )x yield max yield max xE RE E     = + − − −  for x yield             (11) 
where max  is the maximum strain reached previously during the loading/reloading process.  
The cohesive law used to model the interaction between the thin film and the substrate is based on 
the exponential relation proposed by Ortiz et al. 157 for which the displacement jump is expressed 
as 
δ = √𝛽𝛿𝑠, δ𝑛 = 𝜹 ∙ 𝑵, δ𝑠 = |𝜹 − 𝛿𝑛 ∙ 𝑵|             (12) 
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where N, δ, δ, δ𝑁 , δ𝑠, 𝛽 ∈ [0, 1]  respectively denote the unit normal vector, the displacement jump 
vector, the effective displacement jump, the normal displacement jump, the sliding displacement 










) , 𝜹 = [𝛽2𝛅 + (1 − 𝛽2)𝛿𝑛 ∙ 𝐍]          (13) 
where 𝜎𝑐 and 𝛿𝑐are the critical effective traction and separation, respectively. The value of β is set 
to 1 in the simulation to account for the tangential displacement jump as the interface separates.150 
The cohesive parameters used in the model is summarized in Table 2.3. 
 A co-rotational158 formulation is used for the beam elements to account for the large 
displacements and rotations of the film during the delamination event. Three degrees of freedom 
are associated with each node: axial, transverse displacements and rotation. Linear interpolation 
is used for the axial displacement, while classical Hermitian (cubic) interpolation is applied to 
Table A.1. Material properties of the Au film and the silicon substrate. 
 
Table A.2. Cohesive parameters used to model the crack propagation of strong adhesion layers 





compute the transverse displacement and rotation. Cohesive elements are introduced between the 
film and the rigid substrate to capture the interfacial interactions. 
 To capture the contact between the folded, debonded portion of the film and the portion 
still attached to the substrate, we adopt a linear contact penalty/adhesion model in which a force 
Fc is applied to the nodes located along the debonded portion of the film once they get in contact 
with the part of the film that is still attached to the substrate. In this simple linear model, the force 
is given by  
C CF K D= − •            (14) 
where Kc represents the penalty parameter with a unit of N/m
3, and D denotes the penetration 
distance (when negative) or separation distance (when positive). An adhesion force is introduced 
to address the unphysical 'bounce-back' response of the film following the enforcement of the 
frictionless penalty contact model. It should be noted that, since the contact between the debonded 
and un-debonded portions of the film is assumed to be frictionless, we do not consider the Au-Au 
interaction in the horizontal direction. As shown in the result section of this chapter, our 
simulations indicate that the impact of Kc on the evolution of the energy components is small. 
Therefore, the value of Kc is selected to be 5 x 1011 N/m3 to achieve minimal overlap between the 
debonded and undebonded portions of the film while ensuring convergence of the numerical 
solution. 
 The equation of motion of the finite element model can be written as 
2
2
( ) ( )in CO
D





               (15) 
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where M, D, Rin, Rco respectively represent the mass matrix, nodal displacement vector, internal 
force, and cohesive force vector. The equation is solved using a predictor-corrector Newmark time 
scheme159 and an adaptive Newton-Raphson method. The initial velocity of the weak adhesion 







=                 (16) 
where K, 
gold , H are the kinetic energy per unit area trapped in the weak adhesion layer, the 
density of the Au film, and its thickness, respectively. To speed up the simulations, we adopt the 
spatial adaptivity strategy first introduced by Tran et al.87 in which elements located in the vicinity 
of the advancing crack front are initially inactive and only activated when in the vicinity of the 
advancing crack front. We also use a time-step adaptively scheme that allows us to transition from 
a very small time step size in the early stage of the failure event to a larger time step size as the 
crack front progressively slows down, and eventually to a small time step again during the contact 
event when the debonded film folds onto itself. The time step size is adapted based on the number 
of iterations needed to achieve convergence of the Newton-Raphson algorithm. Typical time step 
sizes range from 1 ns to 5 ns, and the size of the activated elements is set at 1 m, which guarantees 
a sufficient discretization (typically with 50 elements) of the cohesive failure zone. 
Figure A.1A shows how the Au strip profile evolves during dynamic delamination 
simulation of a M100D0 specimen. The figure demonstrates that the nonlinear, transient finite 
element solver can capture the large deflections and rotations of the film. During the first 9 s, the 
deformation of the film is mainly associated with the axial displacement due to the uniform vertical 
motion of the pre-crack region. From 10 s onward, the crack starts to propagate and the 
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delaminated portion of the film starts bending. After approximately 25 s, the debonded portion 
of the film comes into contact with the surface. The crack continues to propagate until 
approximately 65 s, at which point the kinetic energy of the front is depleted and the crack reaches 
its final length. The final profile of the film shows the delaminated film folds onto the surface 
which closely resembles the actual Au strip configuration post-dynamic delamination. (Figure 
A.1B) 
 The evolution of the kinetic (Ek), fracture (EF), strain (ES), and plastic energy (EP) 
dissipation during the delamination event of M100D0 is shown in Figure A.1B. The inertial kinetic 
energy is progressively dissipated via fracture, plastic, and strain energy. The fracture and plastic 
energy dissipation monotonically increase during the delamination event, while the strain energy 
remains less than 10% of the total energy. Between 35 s and 50 s, the kinetic and strain energy 
components undergo small fluctuations, which are associated with the contact formation between 
the debonded portion of the film and the specimen surface. After approximately 70 s, the 
available kinetic energy is no longer sufficient to propagate the crack. The simulated energy 
evolution from this analysis clearly shows that the plastic deformation contributes substantially to 




 The evolution of the crack tip location during dynamic delamination for different SAM 
compositions is shown in Figure A.2.  As the relative thiol composition increases, the crack 
propagation length decreases significantly. The shorter crack propagation length leads to an 
increase in fracture toughness. The final crack propagation length from the finite element scheme 
matches closely to the experimentally measured delamination length, which validates the 
simulation model.   
 
Figure A.1. Representative dynamic delamination simulation results for the M100D0 specimen. 
(A) Snapshots of the deformed profile of a M100D0 specimen during the dynamic delamination 
event. (B) The evolution of the kinetic (Ek), fracture (EF), strain (ES), and plastic energy (EP) 






 The energy dissipation ratio (EP/EF) evolution for different SAM compositions are shown 
in Figure A.3. The energy dissipation ratio shows that increasing the thiol composition results in 
higher ratio of plastic energy dissipation to fracture energy dissipation. To explain this result, we 
note that the plastic dissipation occurs mainly in the vicinity of the propagating crack front. For an 
interface with higher fracture toughness, the film adopts a larger curvature near the crack tip, 
thereby leading to more plastic deformation near the debonding zone. This indicates that the 
plasticity effect increases as the interface gets stronger, and intrinsic fracture toughness cannot be 
quantified without modeling the plasticity effect. 
 
Figure A.2. The evolution of crack propagation length as a function of simulation time for 
specimens with different SAM compositions. The experimentally measured crack length is 





 Table A.3 summarizes the apparent fracture toughness, energy dissipation ratio, and 
intrinsic fracture toughness for different SAM compositions. The intrinsic fracture toughness was 
calculated by excluding energy dissipation from plastic deformation using the energy dissipation 
ratio value for each SAM composition. The apparent fracture toughness values are approximately 
9 times larger than the intrinsic fracture toughness. The intrinsic fracture toughness values matches 
well with the fracture toughness calculated using the MD simulation, which was 0.6 J/m2 for 
M100D0.
160 The apparent fracture toughness overestimates the contribution of fracture energy 
dissipation since it completely ignores the contribution of plastic energy dissipation. The previous 
studies on SAM-modified interface fracture toughness measurements doesn’t take into account the 
role of plasticity during the crack propagation.23, 80 Thus, it is difficult to predict how the crack tip 
will behave under different loading conditions. From the combined laser-induced dynamic 
delamination and finite element simulation, however, it is possible to capture the full energy 
 





evolution during crack propagation. Using this information, we can more accurately predict crack 





Table A.3. Summary of energy dissipation ratio, apparent fracture toughness, and interfacial 
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